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1 Introduction 
 
 
1.1 Biosensors 
 
1.1.1 General considerations 
Biosensors are self-contained, integrated analytical devices that combine biological 
sensing components with cognate transducer elements to generate a signal 
correlating to the concentration of a target analyte [1-9]. Therefore, biosensors couple 
biological material with microelectronic systems to facilitate rapid and accurate 
detection of a target analyte in complex sample matrices, taking use of the inherent 
specificity of biomolecules. 
Most commonly, biosensors utilize immobilized enzymes as biological sensing 
elements, exploiting their tremendous sensitivity and substrate specificity to 
specifically detect a substrate or a specific inhibitor of the respective enzyme as an 
analyte of choice [7]. However, antibodies, cofactors, nucleic acids as well as isolated 
cellular organelles, intact microorganisms or even tissues of plants or animals could 
be utilized as biological compounds in biosensor applications [2, 3, 6, 7]. Typically, 
the immobilized biological compound and the transducer element are in close 
proximity, allowing for the detection of the biological response to the target analyte by 
the respective transducer element to generate a measurable output signal 
corresponding to the analyte concentration. The transducer elements employed in 
biosensor applications are highly diverse, including e.g. electrochemical, optical, 
acoustic, mechanical, calorimetric, magnetic or piezoelectric measurements to detect 
the response of the biological compound [2, 6, 7, 10, 11]. In addition, nanomaterials 
such as nanoparticles, carbon nanotubes (CNTs) and quantum dots have been 
integrated into biosensor devices since they are extremely stable, provide a high 
surface-to-volume ratio and are ideal candidates for the development of miniaturized, 
portable biosensors [6, 8, 9, 12]. 
Classical analytical chemistry techniques, including atomic absorption spectroscopy, 
mass spectrometry or chromatography methods, are highly sensitive and provide 
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very accurate results, but are not suitable for routine and on-site analysis due to their 
complexity and associated costs. In addition, these techniques are often very  
time-consuming, require trained operators and their size as well as their power 
requirements limit the use of these methods to highly equipped laboratories [2, 13]. 
Therefore, these techniques are not suitable to develop portable sensors for real-time 
detection of target analytes in remote areas. Hence, the development of biosensors 
aims for compact, field-deployable and easy-to-use devices for non-trained 
operators, allowing for the rapid on-site detection of a target analyte in various 
sample matrices [2, 8]. 
In fact, biosensors represent an emerging branch in sensor technologies, estimated 
to cover a world market of about US$ 17 billion in 2018 [8]. Currently, glucose 
biosensors for healthcare applications (i.e. blood glucose monitoring for diabetes 
patients) dominate the world market, covering about 85 % of the current biosensor 
market value [8]. However, novel approaches are emerging rapidly, focusing on a 
plethora of different analytes. For example, biosensors harbor great potential for 
environmental monitoring, including the detection of heavy metals, organic pollutants, 
pesticides and endocrine disrupting compounds (EDCs) in aqueous systems, 
monitoring of bioremediation processes and toxicity evaluation in soil and water 
[6, 8, 9]. Likewise, biosensors are applicable in food industry, monitoring fermentation 
processes as well as the nutrient content and putative contamination of food products 
with pathogens or pesticides. Additionally, biosensors are important tools for 
personalized medicine and healthcare, allowing for the detection of disease 
biomarkers and monitoring of the nutrient status of individuals. In particular,  
mass-produced and inexpensive biosensor devices harbor great potential for the 
development of easy-to-use, portable point-of-care diagnostics for convenient home 
analysis. Furthermore, biosensors are of great interest for drug discovery and 
homeland security, e.g. allowing for the detection of explosives as well as chemical 
and biological warfare agents [6, 8, 9, 14]. 
 
1.1.2 Immunosensors 
The application of a specific recognition event between the target analyte and the 
biological compound is among the most commonly employed principles in biosensor 
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devices, taking use of the inherent specificity of biological components. Traditionally, 
immunosensors almost exclusively relied on specific antibodies to allow for the 
detection of cognate antigens. However, antibodies can only be raised for a limited 
palette of analytes since antibodies against toxic, non-immunogenic or very small 
compounds such as heavy metals cannot be produced [15, 16]. Furthermore, 
production and purification of antibodies are time-consuming as well as expensive 
processes, and antibodies are comparatively unstable in adverse conditions such as 
elevated temperatures or upon long-term storage. Therefore, numerous antibody 
substitutes have been successfully applied in immunosensors, including antibody 
fragments [12, 17, 18], aptamers (short DNA or RNA oligonucleotides that fold into a 
unique three-dimensional conformation [15, 16]), peptides [19, 20] and engineered 
phages [21-24]. Additionally, “plastic antibodies” are an emerging class of antibody 
substitutes for the development of novel immunosensors [8, 9]. “Plastic antibodies” 
represent small polymer particles upon molecular imprinting, i.e. they are synthesized 
via polymerization of functional monomers around the target analyte and subsequent 
analyte extraction from the polymerized particle, resulting in polymer particles that 
carry highly specific binding pockets for the analyte of choice [25, 26]. 
The recognition event between the target analyte and the biological compound has to 
be detected specifically and with high sensitivity by the use of appropriate transducer 
elements [1-9]. Almost without exclusion, the biological recognition element is 
immobilized at the surface of the respective transducer to ensure intimate contact. 
Several modes of action for immunosensors can be envisaged, relying e.g. on the 
immobilization of the recognition element to facilitate adsorption of the analyte  
(or desorption of a labeled analyte mimic triggered by the presence of the target 
analyte). Likewise, an analyte (mimic) can be immobilized at the surface, allowing for 
attachment of the biological recognition element and subsequent competitive 
detachment triggered by the target analyte. Evidently, immobilization of the biological 
recognition element (or an analyte mimic) in an active and accessible manner is to be 
seen as a key issue for the development of immunosensor devices [27-30]. 
Numerous methods for the immobilization of these compounds have been 
developed. The majority of them is focusing on regioselective modification of the 
biological compound to introduce unique functional groups that subsequently react 
with specific functional groups exposed at the surface. Currently employed 
techniques such as click chemistry or thiol maleimide coupling provide high yields 
Introduction 
4 
 
and specificity, but rely on the in vitro modification of the biological compound and the 
presence of specific functional groups at the transducer surface to facilitate 
immobilization [19, 27-30]. 
A variety of transducer elements are employed to enable immunosensor read-out. 
For example, the biological recognition element could be detected by field-effect 
transistors (FETs) or impedance spectroscopy, relying on the attachment or 
detachment of charged molecules at the functionalized transducer surface [31, 32]. 
Likewise, optical transducer elements such as surface plasmon resonance (SPR) 
instruments could be utilized, detecting a change in the refractive index upon 
adsorption or desorption of molecules at the functionalized surface [33, 34]. In 
addition, technologies based on evanescent field excitation (e.g. using fluorescently 
labeled antibodies attaching to the surface of an optical waveguide [35]) or surface-
enhanced Raman scattering [36] are promising candidates for application in 
immunosensors. Furthermore, piezoelectric transducers such as quartz crystal 
microbalances (QCM) [37, 38] and surface acoustic wave devices [39, 40] or surface-
stress based transducers like microcantilevers [41] harbor great potential to detect 
the biological recognition event. As stated above, nanomaterials can be used to 
enhance the performance of immunosensors and to pave the way for biosensor 
miniaturization. For example, gold nanoparticles exhibit superior properties for 
fluorophore quenching, allowing for facile detection of the attachment or detachment 
of fluorescently labeled biological recognition elements or analyte mimics to the 
nanoparticle surface [42]. Similarly, quantum dots (semi-conductor nanoparticles with 
size-dependent light emission properties) can be utilized to detect adsorption or 
desorption of fluorescently labeled molecules [43]. 
 
1.1.3 Whole-cell biosensors 
 
1.1.3.1 General considerations 
Whole-cell sensors are an emerging branch in the field of biosensors, relying on the 
use of viable cells as the biological recognition element coupled to an appropriate 
transducer element in order to gain qualitative and quantitative information on the 
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presence of a target analyte [1-5, 11, 13]. The majority of currently available  
whole-cell sensors are transcription-based sensors, taking use of the analyte-induced 
or analyte-repressed expression of a reporter gene encoding e.g. fluorescent 
proteins, luciferases or β-galactosidases (section 1.1.3.3). Accumulation of reporter 
proteins can easily be detected by the use of an appropriate transducer element to 
create the read-out signal. Whilst the majority of currently developed whole-cell 
sensors rely on prokaryotic sensor cells, promising results were also obtained upon 
employing yeast and fungi (section 1.1.3.2), unicellular algae [44-49], viable ciliates 
[50] and nematodes [51] as well as mammalian cells [52]. 
Whole-cell sensors show a variety of advantages and disadvantages in comparison 
to other types of biosensors relying on the use of immobilized enzymes or antibodies 
as biological compounds (Table 1). A key feature of whole-cell sensors is their 
inherent ability to assess the biological relevance of certain analytes, given that the 
living organisms only respond to the bioavailable fraction of the sample [1-5, 53-62]. 
Likewise, biosensors utilizing intact cells allow for the detection of global parameters 
such as the toxicity or genotoxicity of an environmental sample as a result of multiple 
sample components and their mutual interactions. Therefore, whole-cell sensors are 
highly valuable tools for risk assessment and monitoring of bioremediation 
processes. In addition, the use of intact cells obviates the need for expensive, 
tedious and time-consuming purification of enzymes or antibodies and provides an 
opportunity for prolonged shelf-life since enzymes are more stable in their natural 
surroundings than upon purification and storage under in vitro conditions [1-5, 53-62]. 
As co-factors and co-enzymes are often present in the intact cells, the use of whole-
cell sensors overcomes the need for their addition. Moreover, intact cells can be 
mass-produced in a facile and cost-effective manner compared to purified enzymes 
and antibodies [1-5, 53-62] (Table 1). 
However, whole-cell sensors often suffer from low sensitivity and specificity as well 
as long response times compared to enzyme- or antibody-based biosensors, in part 
resulting from the cellular envelop displaying an additional diffusion barrier for the 
target analyte [1-5, 53-62] (Table 1). In particular, transcription-based whole-cell 
sensors relying on the analyte-induced expression of reporter genes are inherently 
slow and non-specific sample matrix effects such as cytotoxicity might affect the 
whole-cell biosensor in undesired ways, requiring the implementation of viability 
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controls to increase the sensor robustness and reliability [3, 11, 13, 55, 58]. Whole-
cell sensors for the detection of a specific target analyte almost exclusively rely on 
the use of genetically engineered sensor cells, potentially limiting their application in 
field-deployable devices due to legal regulations and ethical concerns regarding the 
risk of environmental release of genetically modified organisms [11, 13, 53, 55]. 
 
Table 1. Advantages and disadvantages of whole-cell biosensors. 
Advantage/disadvantage References 
  
Advantages  
  
Assessment of global parameters (toxicity, genotoxicity and 
bioavailability) 
[1-5, 53-62] 
  
No need for expensive, tedious and time-consuming purification of 
enzymes and antibodies 
[1-5, 53-62] 
  
Enhanced tolerance against adverse conditions compared to 
isolated enzymes 
[1-5, 53-62] 
  
Increased stability and activity of enzymes in their authentic 
environment, no need for co-factor addition 
[3, 4, 10, 53] 
  
Cost-effective and rapid mass-production [1-5, 53-62] 
  
Facile manipulation and engineering compared to purified 
enzymes 
[1-5, 53-62] 
  
Utilization of long metabolic chains (multi-step enzymatic 
cascades) existing in intact cells 
[1-5, 54] 
  
Long shelf-life compared to purified enzymes [3, 7, 52, 54] 
  
Amenable to multiplexing (simultaneous detection of multiple 
analytes upon utilization of different reporter genes) 
[13] 
  
  
Disadvantages  
  
Low specificity and sensitivity compared to enzyme-based 
biosensors 
[1-5, 53-62] 
  
Slow response of transcription-based whole-cell sensors [1-5, 53-62] 
  
Cellular envelop displays additional diffusion barrier [1-5, 53-62] 
  
Non-specific sample matrix effects on cell viability or metabolism [3, 11, 55] 
  
Legal regulations and ethical issues regarding the use of 
genetically modified organisms 
[1-5, 53-62] 
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Whole-cell sensors harbor tremendous potential for application in a wide variety of 
disciplines, in particular focusing on environmental monitoring, bioprocess control 
and healthcare applications. They have been utilized to detect environmental 
pollutants such as heavy metal ions, EDCs, xenobiotics and pesticides in soil and 
water [1-5, 53-62], representing efficient tools to monitor wastewater treatment and 
bioremediation. Likewise, whole-cell sensors are valuable tools to detect explosives 
or warfare agents [11, 57] as well as nutrient availability in bioreactors [11, 54, 57] 
and are suitable for high-throughput drug screening and doping tests [55, 57]. 
 
1.1.3.2 Yeast-based whole-cell sensors 
The vast majority of currently developed whole-cell sensors utilize prokaryotic cells 
as the biological recognition element [52, 53, 57]. However, yeast and fungi such as 
the budding yeast Saccharomyces cerevisiae (S. cerevisiae) harbor several 
advantages compared to bacteria, making them highly attractive hosts for application 
in whole-cell sensors. Yeast cells are highly robust, showing enhanced tolerance 
against adverse conditions such as extreme pH values or high osmolarity compared 
to bacteria [53, 57, 62]. Therefore, yeast-based whole-cell sensors can be applied in 
a wide variety of sample matrices and have prolonged shelf-lives as well as in-use 
lives. In addition, yeast cells can be lyophilized for extended storage with far higher 
survival rates than bacteria [52, 53, 57] and serve as suitable hosts for the 
expression of intracellular and membrane-embedded receptors from higher 
eukaryotes, thereby broadening the range of analytes to be detected [57, 62]. 
Importantly, the cellular response of prokaryotic and eukaryotic cells towards certain 
analytes varies greatly, depending on the mode of action of the analyte. Therefore, 
bacteria-based biosensors show limited applicability for toxicity evaluation, risk 
assessment and drug screening, whereas the results obtained with eukaryotic yeast 
cells are more relevant for higher eukaryotes [52, 53, 57]. It should be noted that 
some analytes such as certain EDCs require activation in the liver of mammals to 
become biologically active, preventing their detection by yeast sensor cells [63]. 
However, yeast cells are far more robust than mammalian cells, require less 
sophisticated growth conditions and storage and produce reliable results significantly 
faster than mammalian sensor cells [53, 57, 62]. 
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Similar to Escherichia coli (E. coli) as the model prokaryotic host for whole-cell 
sensor applications, yeast cells grow rapidly on numerous substrates, enabling fast 
mass-production of the sensor cells [53, 57, 62]. In addition, a plethora of information 
on the yeast genome, proteome and metabolome is available and mature protocols 
for genetic engineering as well as suitable expression vectors for S. cerevisiae exist 
[52, 53, 57]. Importantly, S. cerevisiae is approved by the U.S. Food and Drug 
Administration and harbors the GRAS status (Generally recognized as safe) [64], 
implying that yeast cells do not exert any adverse effect on the human health. This 
might serve to improve public acceptance for the utilization in commercial whole-cell 
sensors. 
Consequently, S. cerevisiae has been employed in numerous whole-cell sensor 
applications, facilitating the detection of heavy metal ions [65-72] or DNA damaging 
agents [65, 73-79]. Upon heterologous expression of mammalian G-protein coupled 
receptors (GPCRs) or hormone receptors (e.g. estrogen receptors or androgen 
receptors), yeast cells could be engineered to respond to the respective ligands to 
detect the presence of authentic hormones and signaling molecules [80-83], EDCs 
[63, 67, 84-92], olfactory ligands [93-95], saturated medium-chain fatty acids [96] or 
explosives [95, 97]. In addition, yeast-based whole-cell sensors have been used to 
detect glucose [98, 99], antibiotics [100], disinfectants [101], organic pollutants 
[102, 103], toxins [104, 105], bacterial antigens [106] and oxidative stress inducing 
agents [78, 107]. Due to the high robustness of yeast cells, these analytes could be 
detected in a wide variety of sample matrices, including wastewater and creek water 
[71, 72, 86, 88], beverages [99], sediments [102] as well as milk and fermented milk 
products [105, 108]. 
Although the majority of the yeast-based whole-cell sensors developed so far 
focused on the use of wild-type or genetically engineered S. cerevisiae cells, several 
other yeast and fungal species have been successfully employed. Among them, 
Arxula adeninivorans (A. adeninivorans) is of great interest since it is able to 
withstand high temperatures and salinity, allowing for the detection of EDCs and 
hazardous compounds in extreme environments [109-113]. In addition, the fission 
yeast Schizosaccharomyces pombe (S. pombe) has been engineered to sense EDCs 
[92, 114, 115], and Aureobasidium pullulans as well as the basidiomycetes  
Armillaria mellea and Mycena citricolor were utilized to assess the general toxicity of 
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environmental samples [116, 117]. Further approaches included Aspergillus niger 
and Hansenula polymorpha for heavy metal detection [68, 118], Candida tropicalis 
[119] as well as the white rot fungus Phanerochaete chrysosporium [120] or the slime 
mould Physarum polycephalum [121]. 
 
1.1.3.3 Reporter proteins in whole-cell sensor applications 
As stated above, the majority of the so far developed whole-cell sensors are 
transcription-based, i.e. they rely on analyte-induced or analyte-repressed expression 
of a reporter gene by placing an analyte-responsive promoter element upstream of 
the respective reporter gene, ultimately creating the measurable output signal. The 
corresponding reporter protein should be easily detectable even in small  
quantities – preferably without the addition of exogenous substrates – and should be 
compatible with a wide variety of transducer elements to generate the whole-cell 
sensor read-out [54, 60]. Most commonly, fluorescent proteins, luciferases or  
β-galactosidases are employed as reporter proteins for whole-cell biosensors [2, 4, 
13, 54, 57, 59-62], and alternative reporter genes such as carotenoid-metabolizing 
enzymes, chloramphenicol acetyltransferases, aequorin or uroporphyrinogen III 
methyltransferases only represent niche applications [2, 54, 61]. 
Fluorescent proteins such as the green fluorescent protein (GFP) are most commonly 
used as reporter proteins in whole-cell sensor applications. Favorably, light emission 
by fluorescent proteins does not require the addition of substrates or co-factors nor 
cell lysis prior to measurements, resulting in autonomous systems that are amenable 
to near real-time analysis [2, 54, 56]. In addition, a huge palette of fluorescent 
proteins with unique excitation and emission properties is available, allowing for 
multiplexing (i.e. the detection of multiple analytes by a single sensor cell as the 
perception of each analyte is coupled to the expression of a different fluorescent 
protein to generate the read-out signal) [2, 13, 54, 56, 122]. However, fluorescent 
proteins require posttranslational maturation steps for light emission, resulting in a 
delay between translation and fluorescence [2, 5, 54, 60]. Furthermore, the use of 
fluorescent proteins might be restricted by the requirements of suitable transducer 
elements, considering that light excitation and appropriate optical filters (to separate 
the excitation light and the emitted fluorescent light) are necessary, resulting in 
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complex transducer elements that are often not suitable for the development of 
portable devices [2]. Additionally, several strains and species exhibit considerable 
background fluorescence [2, 54], limiting the applicability of fluorescent proteins for 
whole-cell sensor applications. 
Luciferases are considered as bioluminescent proteins since they catalyze redox 
reactions that are accompanied by the emission of photons. Two types of luciferases 
are commonly employed in whole-cell sensors: firefly luciferases (Luc) and bacterial 
luciferases (Lux) [54]. In comparison to fluorescent proteins, the use of luciferases in 
whole-cell biosensors obviates the need for excitation light and optical filters, 
therefore providing an opportunity for the development of cost-effective, miniaturized 
devices [55, 57]. In addition, the use of luciferases harbors the potential to enhance 
the sensitivity of whole-cell sensors compared to fluorescent proteins since 
luciferases catalyze enzymatic reactions instead of relying on (fluorescent) protein 
accumulation exclusively. Moreover, endogenous luminescence is rarely found in 
nature, eliminating background activity of the sensor cells [1, 3, 7, 54, 55, 57]. 
However, the use of luminescent proteins in whole-cell sensor applications relies on 
the addition of the luciferase substrate, preventing their use in real-time applications 
[2, 54-57]. However, this limitation could be overcome by the expression of the entire 
bacterial lux operon in the host cells, encoding the luciferase as well as the enzymes 
catalyzing the substrate synthesis to form autonomous systems [2, 54, 55, 57]. 
Nevertheless, the oxidation catalyzed by luciferases crucially depends on the 
presence of molecular oxygen, limiting their applicability to aerobic systems 
[2, 54, 55]. This might be particularly challenging if the sensor cells are immobilized 
at the surface of the optical transducer by entrapment into biocompatible polymers, 
limiting the diffusion of oxygen to the sensor cells [55]. 
The β-galactosidase (LacZ) from E. coli, catalyzing the hydrolysis of β-galactosides, 
represents the third most commonly employed reporter protein for whole-cell sensor 
applications [54, 57]. Numerous substrates for β-galactosidase are available, 
providing the opportunity to utilize optical read-out strategies (colorimetric, 
fluorimetric and luminescent) or electrochemical transducers [54, 56]. Thus, the use 
of β-galactosidase provides large flexibility regarding the transducer element 
whereas fluorescent protein and luciferases are restricted to optical transducers. In 
addition, the reaction catalyzed by β-galactosidases is independent on the presence 
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of oxygen, allowing for application in anaerobic environments [54]. However, all  
read-out strategies relying on β-galactosidases crucially depend on the addition of 
appropriate substrates, preventing real-time measurements and increasing the costs 
of a single measurement [54, 57]. In yeast-based whole-cell sensors utilizing  
β-galactosidases, cell lysis is typically required to ensure substrate accessibility, 
further limiting the applicability and increasing the time demand for the measurement 
[75, 76, 79, 80, 91, 101, 115, 123, 124]. Although a chromogenic LacZ substrate not 
requiring cell lysis was recently reported, assessment of the β-galactosidase activity 
using this substrate required 24 – 48 h incubation of the sensor cells in the presence 
of the substrate, indicating poor diffusion through the cell wall [104]. 
Most commonly, reporter proteins accumulate in the cytoplasm of the sensor cells, 
possibly complicating the read-out strategy due to light scattering and absorption by 
intact sensor cells and/or due to the necessity to disrupt the cells prior to the 
measurement. Therefore, low sensor cell densities have to be maintained to limit the 
detrimental influence of light scattering and absorption [116, 125]. In contrast, several 
previous studies took use of secreted reporter proteins to overcome these limitations. 
For example, secreted phytase and tannase enzymes have been used to create the 
read-out signal of A. adeninivorans whole-cell sensors [110-113], whereas secreted 
α-galactosidases [126] and secreted luciferases [127, 128] have been exploited in  
S. cerevisiae based whole-cell sensors. Although the use of secreted reporter 
proteins obviates the need for cell disruption and might serve to limit light scattering 
issues (e.g. by transport of the secreted enzyme in a fluid stream resulting in spatial 
separation of the sensor cells and the transducer element, section 1.4), the use of 
extracellular enzymes might be limited by non-specific sample matrix effects. If  
non-specific enzyme inhibitors such as heavy metal ions are present in the 
environmental sample, the use of secreted enzymes in whole-cell sensor applications 
might not be feasible. Considering the shortcomings of currently available reporter 
proteins, Jarque et al. recently highlighted that the “validation and establishment of 
new reporter genes could contribute to both increased sensitivity and broadened 
applicability of yeast biosensors” [62]. Development of a novel whole-cell biosensor 
read-out possibility represents of the major aims of this study (section 1.4). 
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1.2 Hydrophobins 
 
Hydrophobins represent a class of unique, low molecular weight proteins (typically 
about 100 amino acids) secreted by filamentous fungi [129-135]. The first 
hydrophobin was found in Schizophyllum commune (S. commune) in 1991 [136], and 
several hundred hydrophobins from diverse fungal species have been identified since 
that time. Except for eight conserved cysteine residues forming four intramolecular 
disulfide bonds, fungal hydrophobins share very limited sequence similarity. 
However, all hydrophobins show an amphipathic structure, allowing for self-assembly 
into protein monolayers at hydrophilic-hydrophobic interfaces [129-135]. 
According to the cysteine spacing pattern and the hydropathy plots, hydrophobins 
have been traditionally grouped into two classes (class I and class II), although 
recent studies revealed that several intermediate hydrophobins may exist [137-140]. 
Class I hydrophobins are present in both ascomycetes and basidiomycetes, whereas 
class II hydrophobins have been found exclusively in ascomycetes so far [130, 134, 
135, 141, 142]. In numerous species, both class I and class II hydrophobins are 
encoded in the genome, suggesting that they may have distinct, non-overlapping 
functions [130, 143]. In general, class II hydrophobins seem to be more conserved in 
amino acid composition as well as the length of the flexible loop domains spacing the 
four disulfide bonds, whereas class I hydrophobins are more diverse in amino acid 
sequence, loop length and conformational flexibility [131]. Remarkably, the 
differences between class I and class II hydrophobins are also reflected by the 
features of the monolayers formed upon self-assembly at an interface. While class I 
hydrophobins self-assemble into highly robust monolayers characterized by a mosaic 
pattern of rodlets, the monolayers formed by class II hydrophobins are less robust 
and show hexagonal, honeycomb-like packing [131, 132]. 
 
1.2.1 Structure and self-assembly of hydrophobins 
In contrast to the low degree of sequence similarity between hydrophobins, these 
proteins share a conserved three-dimensional structure [129-135]. Since class I 
hydrophobin EAS (also termed Bli-7 and Ccg-2 [144, 145]) from Neurospora crassa 
Introduction 
13 
 
(N. crassa) was employed in this study, description of the protein structure and  
self-assembly process will focus on this particular hydrophobin. 
Structure determination revealed that the EAS hydrophobin consists of an irregular 
four-stranded β-barrel core structure with a diameter of 2.7 nm [146]. Four disulfide 
bonds stabilize the core structure, rendering the hydrophobin structure very compact 
and rigid. Two disordered loop regions are identified in the solution structure of the 
EAS hydrophobin: an extremely hydrophobic loop between the third and fourth 
cysteine residue (that is dispensable for self-assembly at the air-water interface [147] 
but strongly localizes to the interface region to expose the hydrophobic amino acid 
residues to the air [148]) and a second loop spacing the seventh and the eighth 
cysteine residue (that harbors sequence elements with crucial importance for 
hydrophobin self-assembly [149]). Importantly, the hydrophobin structure revealed a 
striking spatial separation of charged and uncharged residues as the majority of the 
charged residues point towards a single surface spot of the protein whereas the 
opposite face of the protein (hydrophobic patch) is essentially uncharged [146]. The 
resulting amphipathic structure of the hydrophobin is crucial for its surface activity 
and self-assembly at hydrophilic-hydrophobic interfaces. 
Hydrophobins seem to share a common hydrophobin fold, given that the three-
dimensional structures of the class I hydrophobins MPG1 (from Magnaporthe grisea) 
and DewA (from Aspergillus nidulans) as well as the class II hydrophobins HFBI and 
HFBII from Trichoderma reesei (T. reesei) and NC2 from N. crassa are essentially 
similar to the structure of EAS [150-155]. These studies also suggested that the 
disulfide bonds are crucial to stabilize the hydrophobin fold to keep the hydrophobic 
amino acid residues exposed at the protein surface (which might otherwise be buried 
in the interior of the protein). However, some of the previously characterized 
hydrophobins differ from the common hydrophobin structure. For example, the 
hydrophobins SC3 from S. commune and POH2 from Pleurotus ostreatus are 
glycosylated [156-158]. Additionally, large hydrophobins consisting of multiple 
hydrophobin domains (such as the pentahydrophobin CPPH1 encompassing five 
hydrophobin domains), were found in Claviceps sp. and Aspergillus sp. 
[139, 159, 160]. 
In the presence of a hydrophilic-hydrophobic interface, class I hydrophobins such as 
EAS self-assemble into highly robust monolayers characterized by a mosaic pattern 
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of rodlets [129-135]. The formation of rodlets is achieved by head-to-tail stacking of 
EAS monomers along the rodlet axis, allowing for infinite extension of the rodlets that 
are consequently several hundred nanometers in length but only a few nanometers in 
width [146, 147]. In the dissolved state of the EAS hydrophobin, regular secondary 
structure elements are almost absent – except for the core structure stabilized by the 
disulfide bonds – and the hydrophobin monomers are largely unstructured in solution 
[161, 162]. In contrast, upon self-assembly at a hydrophilic-hydrophobic interface, a 
high content of β-sheets is observed in the EAS monomers. In fact, EAS monomers 
self-assemble into rodlets via β-sheet stacking, closely resembling the aggregation of 
amyloids. As the rodlets also interact with amyloid-specific dyes such as Congo Red 
[161] and Thioflavin T [131], class I hydrophobins are considered as functional 
amyloids of filamentous fungi.  
Close examination revealed that self-assembly of the EAS hydrophobin at interfaces 
proceeds via two steps [148, 163, 164]. First, due to their amphipathic structure, 
individual monomers of the EAS hydrophobin accumulate at the air-water interface. 
Due to a high content of hydrophobic amino acid residues, the flexible loop between 
the third and fourth cysteine residue interacts with the interface, thereby unlocking 
the loop between the seventh and the eighth cysteine residue [149, 165]. 
Subsequently, this loop undergoes conformational changes, exposing the 
amyloidogenic region of the hydrophobin to allow for interaction with adjacent EAS 
monomers via β-sheet stacking, thereby forming the cross-β core of the EAS rodlets. 
Rodlet formation by monomer stacking and lateral packing of the rodlets occur 
simultaneously, resulting in the formation of densely packed, defect-free hydrophobin 
monolayers [131].  
Although all hydrophobins share the unique hydrophobin fold, the self-assembly 
mechanisms between individual members of this protein family differ dramatically. 
For example, self-assembly of the class I hydrophobins SC3 (from S. commune) and 
ABH1 (from Agaricus bisporus) seems to proceed via intermediate stages. The SC3 
hydrophobin first self-assembles into a helical state (protein structure rich in  
α-helices) that is converted into β-sheet state 1 (amorphous protein layer enriched in 
β-sheets) and β-sheet state 2 (rodlet layer) consecutively [166]. Upon self-assembly 
at a hydrophobic solid support, self-assembly of SC3 is locked in the helical state 
unless treatment with hot detergents is applied, thereby accelerating the conversion 
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into the final β-sheet 2 state. Likewise, schizophyllan and other glycans promote 
amyloid formation by SC3 [167, 168]. Self-assembly of ABH1 at a hydrophobic solid 
support also proceeds via intermediate states, although additional treatment was not 
required to yield rodlet layers [169]. Curiously, self-assembly of the class I 
hydrophobin Vmh2 from Pleurotus ostreatus does not depend on the presence of a 
hydrophilic-hydrophobic interface but is induced by Ca2+ or high temperatures 
[170, 171]. 
In contrast to the rodlets characteristic for class I hydrophobin monolayers, class II 
hydrophobins self-assemble into polycrystalline monolayers that do not resemble 
amyloid formation. Analysis of the monolayers formed by the class II hydrophobins 
HFBI, HFBII and HFBIII from T. reesei revealed that these monolayers consist of  
two-dimensional crystalline domains laterally packed to form a polycrystalline protein 
layer [172-174]. Individual crystalline domains are characterized by a hexagonal 
packing of hydrophobin monomers into honeycomb-like structures [175-177]. 
Interestingly, interfacial layers of HFBII undergo phase transition, resulting in layer 
solidification [178, 179]. Although comparable monolayer morphologies were 
observed for the N. crassa hydrophobin NC2 [155, 163], self-assembly of class II 
hydrophobins also does not follow a common route. Cerato-ulmin (class II 
hydrophobin from the Dutch elm disease pathogen Ophiostoma novo-ulmi)  
self-assembles into monolayers via a “progressive pearl necklace collapse 
mechanism” that is not consistent with the monolayer topography observed for  
T. reesei hydrophobins [180]. 
Remarkably, class I hydrophobin monolayers are extremely robust. EAS monolayers 
are not disturbed upon alkali or acid treatment and also withstand treatment with 
organic solvents [163, 164]. Consequently, very harsh conditions are required to 
dissociate EAS monolayers, and only treatment with 100 % trifluoroacetic acid (TFA) 
or 100 % formic acid have been reported to result in disturbance of the hydrophobin 
monolayers [163, 181]. In contrast, class II hydrophobin layers are less resistant 
against adverse conditions and dissociate upon ethanol or detergent treatment or by 
applying pressure [129-135]. 
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1.2.2 Functions of hydrophobins in vivo 
Due to their unique properties, hydrophobins have been reported to fulfill a variety of 
functions in their authentic hosts [129-131, 134, 135, 142, 182-187]. Self-assembly of 
hydrophobins at the surface of fungal structures or at the air-water interface is of 
crucial importance for fungal development and life style. Interestingly, hydrophobins 
are often encoded by multiple genes. Several fungal species encode ten or more 
hydrophobins in their genome (e.g. Trichoderma harzianum [188] and several 
Aspergillus sp. [139]), and extremely high copy numbers resulting from gene 
duplication events exist in Bjerkandera adusta (27 genes), Coprinopsis cinerea  
(C. cinerea, 34 genes) and Trametes versicolor (40 genes) [189-191]. However, 
hydrophobins might be functionally redundant, at least in certain aspects [192]. 
Self-assembly of hydrophobins at the air-water interface dramatically lowers the 
surface tension. In fact, the class I hydrophobin SC3 from S. commune represents 
the most surface-active protein currently known [193-195]. Reduction of the surface 
tension of aqueous media is an obligatory prerequisite for the formation of aerial 
structures, allowing fungal structures to breach the interface [195-198]. Therefore, the 
development of aerial structures crucially depends on the secretion of hydrophobins 
by the submerged mycelium. Likewise, hydrophobins self-assemble at the surface of 
aerial structures, conferring a hydrophobic coating to spores and aerial hyphae. 
Numerous studies revealed that fungal species lacking hydrophobins expose 
hydrophilic aerial structures that are easily wettable [196, 199-211]. Water-repellant 
coatings are particularly important for conidia (fungal spores), facilitating their 
dispersal in the air [205, 208, 210]. This might also be the predominant function of 
the N. crassa EAS hydrophobin [212]. Likewise, hydrophobins cover air channels in 
fungal fruiting bodies and lichens, preventing air channel collapse and water entry to 
allow for efficient gas exchange [198, 213-215]. 
Fungal hydrophobins also play an important role in pathogenic fungi. As 
hydrophobins self-assemble at any hydrophilic-hydrophobic interface, they are also 
capable of covering the surface of host organisms, mediating attachment of the 
pathogenic fungus to its host [201, 207, 211, 216, 217] or to insects that act as 
disease vectors by mediating spore dispersal [218]. In addition, fungal hydrophobins 
serve to recruit hydrolytic enzymes for host penetration to the surface of the 
pathogen [219, 220], and several mutants lacking certain hydrophobin genes have 
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been reported to be impaired in virulence, host penetration, symptom development 
and disease spreading [206, 207, 211, 221-223]. Furthermore, hydrophobin layers 
covering airborne spores of Aspergillus fumigatus prevent immune recognition by 
shielding immunogenic cell wall components and platelet-activating compounds, 
thereby decreasing the extent of host defense mechanisms [224-228]. 
Moreover, fungal hydrophobins have been reported to protect their hosts against 
desiccation [218, 229] and to influence several fungal properties such as cell wall 
composition [209, 230], microconidial chain formation [231], biofilm formation [232], 
pigmentation [223] and cell dispersal [211]. Likewise, hydrophobins have been 
reported to play an important role in mycorrhiza formation [233] and root colonization 
[234-236] by filamentous fungi present in soil. 
Recently, the bacterial hydrophobin BslA (from Bacillus subtilis) was reported to 
share several functions with fungal hydrophobins, including surface tension reduction 
and formation of water-repellent coatings of aerial structures [237-239]. However, 
bacterial hydrophobins are very different from their fungal counterparts regarding 
amino acid sequence and three-dimensional structure, suggesting that both protein 
classes evolved independently. Surface-active proteins and peptides were also found 
in Streptomycetes [240] and Ustilago maydis [241-243], highlighting the importance 
of these functions for life style and development of the respective host. 
 
1.2.3 Applications of hydrophobins 
Owing to the unique properties of hydrophobins in terms of surface-activity,  
self-assembly and monolayer stability, these proteins harbor tremendous potential for 
application in a wide variety of disciplines. Numerous applications for authentic and 
recombinant hydrophobins have been proposed previously [129-131, 133, 135, 141, 
244, 245]. Hydrophobins self-assemble into robust monolayers at any hydrophilic-
hydrophobic interface, allowing for the functionalization of solid supports with 
hydrophobin layers in controlled orientation and density [246]. This may be 
advantageous as the resulting surfaces are biocompatible [247-253] and show 
enhanced lubrication properties [254, 255] as well as very low friction at the 
nanoscale [256].  
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Hydrophobin layers can be used to functionalize a variety of solid substrates to 
mediate the immobilization of proteins, peptides and low molecular weight 
compounds that adsorb to hydrophobin layers. Likewise, recombinant fusion proteins 
encompassing the desired functional domain and a hydrophobin domain as a surface 
anchor can be employed. Based on these approaches, hydrophobins have been 
utilized for surface patterning [257-261] and for the immobilization of peptides [248-
251, 262-265], enzymes [266-274], fluorescent proteins [275, 276], carbohydrate-
binding proteins [277-279], antibodies [280-282] and DNA [283]. 
Hydrophobins could also be employed for the functionalization of electrodes with 
electroactive co-factors (such as ubiquinone [284] or copper-based redox centers 
[193]) and enzymes [285-287] to implement novel biosensors. Due to its inherent 
affinity to glucose, the class I hydrophobin Vmh2 could be utilized to develop novel 
glucose biosensors based on hydrophobin-modified gold nanoparticles [288, 289]. 
Likewise, biosensors for xenobiotics [273] and thrombin protease activity [275] have 
been developed based on hydrophobin-functionalized surfaces. Furthermore, 
Soikkeli et al. recently demonstrated that recombinant hydrophobins could be used to 
functionalize a graphene-modified FET device to display tailored recognition 
elements at the functionalized surface, yielding a novel biosensor for specific 
peptides and antibodies [265]. 
Hydrophobins do not exert immunogenic or cytotoxic effects on mammalian cells 
[224, 248-253, 282, 290-294]. Therefore, they offer the possibility for utilization in 
tissue engineering and healthcare applications. For example, hydrophobins have 
been used to display ligands for specific cellular receptors at a functionalized surface, 
allowing for specific attachment of cells carrying the cognate receptor [248, 249, 263]. 
Likewise, scaffold materials commonly used in medical implants could be 
functionalized with hydrophobins to improve their biocompatibility and to enhance cell 
adhesion [264, 282, 295]. In addition, hydrophobins have been shown to reduce the 
proliferation of melanoma tumor cells in mice, potentially providing a novel possibility 
for cancer treatment [290]. 
Due to their extremely high surface-activity, hydrophobins also proved to be powerful 
tools for the stabilization of emulsions and foams [296-300]. Hence, hydrophobins 
might also be useful for the food industry, serving to stabilize food foams [301], to 
produce air-based fat mimics [300] or to design the properties of ice cream [302]. 
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Likewise, hydrophobins have been shown to be powerful co-emulsifiers, providing a 
possibility for application in laundry processes [303]. However, the extremely high 
surface activity of hydrophobins might also be a disadvantage in certain fields. By 
stabilizing carbon dioxide bubbles, hydrophobins present in carbonated beverages 
(resulting from the use of raw materials infected with filamentous fungi) cause 
spontaneous and vigorous overfoaming immediately upon opening (gushing), 
resulting in economic losses [304-308]. 
Owing to their superior surface-to-volume ratio as well as their chemical and thermal 
stability, nanomaterials such as nanoparticles and CNTs harbor great potential for 
application in several fields. However, these materials often suffer from low solubility 
and aggregation in aqueous media, dramatically limiting their applicability [8, 9]. 
Hydrophobins have been employed previously to solubilize and functionalize 
nanomaterials such as nanoparticles [289, 309-313], CNTs [294, 314-316], individual 
graphene layers [317] and quantum dots [318] in aqueous media, yielding 
suspensions of monodisperse nanomaterials with enhanced long-term stability. In 
this regard, hydrophobins have also been used to synthesize monodisperse drug 
nanoparticles for oral administration, particularly beneficial for highly insoluble drugs 
or vitamins, showing increased drug bioavailability without affecting drug release from 
the nanoparticles [292, 319-322]. 
In addition, hydrophobins have been used as fusion partners for recombinant 
proteins upon expression in plants [293, 323-328] and fungi [329]. Targeting the 
recombinant fusion protein to the endoplasmic reticulum (ER) resulted in the 
formation of membrane-enveloped protein bodies in the cytosol, allowing for facile 
protein purification with high recovery and purity. Additional applications of 
hydrophobins include the functionalization of textile materials for water-repellency 
[330], the use as etch resists in silicon wet etching processes [331], controlled 
biomineralization [332, 333], enhancement of enzyme activity [334] as well as the 
stabilization of peptides and luciferases [335, 336]. 
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1.3 The pheromone system of S. cerevisiae 
 
The life cycle of the yeast S. cerevisiae – a unicellular ascomycete – includes haploid 
and diploid phases [337]. Two haploid cells are able to mate to form a diploid cell  
that – upon starvation for nitrogen and growth on a poor carbon source – undergoes 
meiosis and sporulation to give rise to four haploid ascospores. Like all ascomycetes, 
S. cerevisiae carries a bipolar mating locus, i.e. one of two alternative alleles is 
present at the single mating locus [338]. Haploid S. cerevisiae cells exist in one of 
two opposite mating types termed a and α, according to the allele present in the 
mating locus, whereas a/α diploid cells carry both alleles. The majority of the 
commonly used haploid laboratory strains of S. cerevisiae are heterothallic, i.e. they 
cannot switch between the two mating types [337]. However, homothallic strains also 
exist, frequently switching between the mating types to allow for self-diploidization 
and formation of ascospores in nutrient limited conditions [337, 339, 340]. 
The allele present at the mating locus determines the cellular identity: haploid cells 
carrying the MATa allele and the MATα allele are regarded as a-type cells and α-type 
cells, respectively. The presence of both alleles in a single cell serves as an 
intracellular signal for diploidy [337]. Both the MATa and the MATα allele control the 
expression of a variety of cell-type specific genes to confer the respective phenotype 
[337, 340]. According to the α1-α2 hypothesis first proposed by Strathern et al. [341], 
the MATα locus encodes the α1 homeodomain transcriptional activator interacting 
with Mcm1p and Ste12p to positively regulate the expression of α-specific genes 
such as STE3, MFα1 and MFα2 [338, 340-343]. In addition, the MATα locus encodes 
the α2 transcriptional repressor suppressing the expression of a-specific genes  
(e.g. STE2, STE6, MFA1, MFA2) by forming a complex with Mcm1p, Tup1p and 
Ssn6p. Similarly, the MATa locus encodes two proteins (a1 and a2), but the 
molecular function of the a2 protein remains elusive. Apparently, the a1 
homeodomain transcription factor does not fulfill a specific function in a-type haploid 
cells and the cellular identity of a-type cells is determined by a lack of the MATα 
allele, i.e. these cells do not stimulate the expression of α-specific genes nor repress 
the expression of a-specific genes. The mating type a is therefore considered as the 
default mating type of haploid S. cerevisiae cells [338, 340-343]. 
Introduction 
21 
 
In contrast, diploid cells carrying MATa and MATα information suppress the 
expression of haploid-specific genes including STE4, STE18, GPA1, STE12 and 
RME1 [338, 340-343]. In diploid cells, the presence of the α2 transcriptional 
repressor inhibits the expression of a-specific genes, similar to its function in α-type 
haploid cells. In addition, a novel complex of a1 and α2 is formed, acting as a 
repressor of haploid-specific genes by interaction with Tup1p and Ssn6p. The  
a1-α2 complex also represses the expression of the α1 transcription factor, thereby 
suppressing the expression of α-specific genes. Thus, at least three transcription 
factors encoded by the mating locus (a1, α1 and α2) contribute to determine cell-type 
identity in yeast. 
 
1.3.1 Pheromone synthesis and maturation 
Haploid cells of S. cerevisiae communicate by mating pheromones as a prerequisite 
for the initiation of the mating process and the formation of diploid zygotes. To this 
end, a-type cells secrete the a-factor pheromone in their surroundings, whereas  
α-type cells release the α-factor pheromone [344, 345]. In addition, both cell types 
carry membrane-embedded pheromone receptors for the pheromone released by 
cells of the other mating type, i.e. a-type cells expose the receptor for the α-factor 
(Ste2p) whereas α-type cells harbor the a-factor receptor (Ste3p). Perception of the 
pheromone of the respective other mating type triggers an intracellular signaling 
cascade ultimately resulting in plasmogamy and karyogamy, giving rise to a diploid 
zygote (section 1.3.2). 
The mating pheromones of S. cerevisiae are short peptide hormones, and each of 
the pheromones is encoded by two respective genes: MFA1 and MFA2 encode  
a-factor pheromone precursors, whereas MFα1 and MFα2 encode the precursors of 
the α-factor pheromone [344, 345]. However, both mating pheromones differ 
considerably in amino acid sequence, posttranslational modification as well as 
synthesis and secretion. The α-factor represents an unmodified peptide pheromone 
comprised of 13 amino acids whereas the a-factor pheromone is composed of twelve 
amino acids with the C-terminal cysteine residue being posttranslationally 
carboxymethylated and S-farnesylated [344, 345]. The a-factor pheromone is 
synthesized from the Mfa1p or Mfa2p precursors by several consecutive processing 
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and modification steps carried out in the cytoplasm, and the mature pheromone is 
actively transported across the plasma membrane by the Ste6p transporter  
[344-346]. As this study focuses on the α-factor pheromone for artificial cell-cell 
communication and as a novel whole-cell biosensor read-out strategy (section 1.4), 
processing and maturation of the α-factor pheromone are described in more detail. 
The α-factor pheromone precursor Mfα1p carries an N-terminal signal sequence, 
three N-linked glycosylation sites as well as four identical copies of the mature  
α-factor pheromone sequence separated by short spacer peptides [347, 348] 
(Figure 1). The Mfα2p precursor shows extensive structural similarity, but harbors 
only two repeats of the mature pheromone, one of them with a slightly different amino 
acid sequence [348]. Importantly, both precursors are imported into the ER and 
further processed within the Golgi network, ultimately resulting in secretion of the 
mature α-factor pheromone by the secretory pathway of yeast cells. Pheromone 
precursor processing upon trafficking through the secretory pathway is schematically 
illustrated for the Mfα1p precursor in Figure 1, but is carried out essentially similar for 
the Mfα2p precursor. 
Upon co-translational import of the pheromone precursor into the ER, the N-terminal 
hydrophobic signal sequence is cleaved off immediately by the signal peptidase 
[349]. Subsequently, the Mfα1p precursor is modified at all three N-linked 
glycosylation sites by core oligosaccharide moieties [349-351]. Glycosylation of the 
precursor mediates efficient pheromone processing and secretion, preventing 
precursor accumulation in yeast [350]. Upon further trafficking through the secretory 
pathway, the precursor enters the Golgi apparatus (Figure 1).  
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Figure 1. Schematic illustration of α-factor pheromone precursor processing upon trafficking 
through the secretory pathway. Processing of the pheromone precursor is exemplified for the Mfα1p 
precursor, but is carried out essentially similar for the Mfα2p precursor. Detailed information on the 
pheromone maturation process are given in the text. Modified from [344, 345]. 
 
After trimming of the attached sugar chains [349], the precursor undergoes three 
sequential proteolytic processing steps to release mature α-factor pheromones. First, 
the Mfα1p precursor is cleaved by Kex2p protease, a type I membrane protein 
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localized to late Golgi compartments [352, 353]. Kex2p cleaves the pheromone 
precursor at conserved moieties consisting of two consecutive basic amino acid 
residues [352]. Subsequently, the termini of the α-factor pheromone are processed 
by the action of respective peptidases. C-terminal pheromone maturation is carried 
out by Kex1p peptidase, removing the two basic amino acid residues that served as a 
recognition signal for Kex2p cleavage [354]. In contrast, Ste13p peptidase removes 
dipeptide moieties at the N-terminus of the α-factor [355], giving rise to the fully 
mature pheromone that is finally packed in secretory vesicles and secreted into the 
cellular environment (Figure 1).  
 
1.3.2 Pheromone response of S. cerevisiae 
Cellular response to the mating pheromone released by cells of the opposite mating 
type is mediated by a network of intracellular signaling cascades, ultimately preparing 
the pheromone-responding cell for fusion with a cognate mating partner [337]. Yeast 
pheromone response is coupled to cell cycle arrest in G1 phase to synchronize the 
cell cycle of the putative mating partners. In addition, mating pheromones stimulate 
the formation of mating projections (also termed shmoo tips) along the pheromone 
gradient, i.e. polarized growth of the pheromone-responding cell towards the 
pheromone source. Polarized growth is crucial for non-motile yeast cells to enable 
contact and fusion of the mating partners. Furthermore, perception of the pheromone 
stimulates the expression of more than 200 genes involved in mating [356, 357].  
The yeast pheromone response represents one of the most studied signaling 
cascades, and several excellent reviews have covered this area in detail [342, 
345, 358-364]. The intracellular signal transduction cascade in response to the yeast 
pheromone is schematically illustrated in Figure 2, exemplified for the response of  
a-type cells to the α-factor pheromone. However, the pheromone response pathway 
is essentially identical in α-type cells, except for the pheromone receptor (the a-factor 
is perceived by the Ste3p receptor). 
Introduction 
25 
 
Figure 2. Schematic illustration of the intracellular signaling pathway mediating pheromone 
response in S. cerevisiae. Key factors of the signal transduction cascade of a-type cells responding 
to the α-factor mating pheromone are depicted. The signaling cascade in α-type cells responding to 
the a-factor is essentially similar, except for the pheromone receptor. For clarity, several proteins and 
interactions were omitted. Small red spheres indicate phosphorylation. Detailed information on the 
proteins and their mutual interactions can be found in the text. Modified from [358]. 
 
The initial steps of the yeast pheromone response involve perception of the mating 
pheromone by a cognate receptor and G-protein signaling [342, 345, 358-364]. The 
Ste2p GPCR embedded in the plasma membrane is responsible for the detection of 
the α-factor pheromone. It is composed of seven transmembrane domains, an 
extracellular N-terminus and an intracellular C-terminal domain involved in signal 
adaptation, receptor desensitization and endocytosis of the pheromone-receptor 
complex. The Ste2p receptor interacts with the trimeric G-protein consisting of Gpa1p 
(Gα subunit), Ste4p (Gβ subunit) and Ste18p (Gγ subunit). Both Gpa1p and Ste18p 
are posttranslationally modified with lipid moieties to mediate membrane attachment. 
In the absence of the pheromone, Gpa1p is bound to guanosine diphosphate (GDP) 
and interacts with the Ste4p-Ste18p Gβγ dimer (inactive form). Activation of the 
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pheromone receptor by the α-factor results in exchange of GDP with guanosine 
triphosphate (GTP), causing dissociation of Gpa1p from the Ste4p-Ste18p dimer. As 
a consequence, the released Gβγ dimer triggers subsequent signaling events. 
Although the activated Gpa1p also exerts several positive functions during the 
pheromone response, its prime function is to repress Gβγ dimer signaling in the 
absence of the pheromone. The free Gβγ dimer has several intracellular effectors: 
the Far1p/Cdc24p complex, the Ste20p kinase as well as the Ste5p scaffold protein 
(Figure 2). Interestingly, all of these effectors interact with the Gβ subunit, indicating 
that the major function of the Ste18p Gγ subunit is to keep the Gβγ dimer in close 
proximity to the plasma membrane [342, 345, 358-364].  
The Far1p/Cdc24p complex translocates from the nucleus to the plasma membrane 
upon pheromone perception, interacting with the Ste4p Gβ subunit. Cdc24p 
represents the sole activator of Cdc42p (the main regulator of cell polarization in 
yeast) that is tethered to the plasma membrane by a covalently attached lipid anchor. 
Cdc24p activates Cdc42p by mediating exchange of GDP with GTP. One of the 
major functions of activated Cdc42p during the yeast pheromone response is the 
interaction with the Ste20p kinase. Combined action of the Gβγ dimer and activated 
Cdc42p result in membrane recruitment and activation of Ste20p kinase [342, 345, 
358-364] (Figure 2).  
The activated Ste20p kinase transmits the signal by phosphorylation of the Ste11p 
mitogen-activated protein kinase kinase kinase (MAPKKK), aided by the action of the 
Ste50p protein. The Ste11p MAPKKK subsequently activates the Ste7p mitogen-
activated protein kinase kinase (MAPKK) via phosphorylation, which in turn 
phosphorylates the Fus3p mitogen-activated protein kinase (MAPK). Efficiency of 
MAPK signaling is strongly enhanced by the Ste5p scaffold protein arranging the 
corresponding protein kinases for optimal interaction [342, 345, 358-364]. In addition, 
the Ste5p scaffold protein recruits the MAPK signaling module to the plasma 
membrane via its interaction with Cdc42p and the Gβγ dimer (Figure 2). Furthermore, 
Ste5p has an important role in isolating the pheromone response pathway from other 
cellular signaling cascades relying on the same kinases (e.g. Ste11p and Ste7p are 
also involved in the filamentous growth pathway and osmolarity sensing [360, 362]). 
Upon dual phosphorylation by Ste7p MAPKK, the Fus3p MAPK dissociates from the 
Ste5p scaffold to interact with numerous downstream targets [342, 345, 358-364]. 
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As a result of Fus3p-induced phosphorylation, Far1p inhibits the action of the Cdc28p 
cyclin-dependent kinase (CDK) that forms a complex with the G1 cyclins Cln1p/Cln2p 
to mediate cell cycle progression through the G1 phase (Figure 2). Therefore,  
Far1p-induced suppression of CDK activity results in cell cycle arrest in G1 phase, 
one of the hallmark features of the yeast pheromone response. In addition, Far1p is 
also involved in shmoo formation and the pheromone-dependent downregulation of a 
specific set of genes [342, 345, 358-364]. 
In addition, Fus3p targets the Ste12p/Dig1p/Dig2p complex. The Ste12p transcription 
factor is of crucial importance for pheromone-induced expression of mating-related 
genes, whereas Dig1p and Dig2p serve to suppress Ste12p activity in the absence of 
the pheromone signal. Upon phosphorylation of all three proteins by Fus3p, the 
complex dissociates to release active Ste12p, subsequently binding to the 
pheromone response element (PRE) in the upstream regulatory region of 
pheromone-induced genes to activate their expression (Figure 2). Ste12p is essential 
for the pheromone-induced expression of more than 200 genes [356, 357], indicating 
that numerous Ste12p target sites exist in the yeast genome. Importantly, Ste12p is 
part of a positive feedback circuit, stimulating its own expression to reinforce the 
signal [342, 345, 358-364].  
During the yeast pheromone response, mating projections (i.e. polarized growth 
towards the potential mating partner) are formed. To this end, the Fus3p MAPK 
activates the formin Bni1p that is involved in actin polarization and cell-cell fusion 
[358]. By interaction with Cdc42p, Bni1p is recruited to the plasma membrane, 
mediating assembly of actin filaments to ensure vesicle delivery to the nascent 
shmoo tip (Figure 2). The pheromone gradient results in local activation of the 
pheromone receptor, thereby causing localized high activities of Cdc42p and Fus3p 
as well as localized Bni1p recruitment and activation, ensuring that the mating 
projection is aligned to the pheromone gradient. Ultimately, both mating partners 
undergo plasmogamy and karyogamy to complete the mating process [342, 345, 
358-364]. 
Several negative feedback mechanisms exist to mediate signal adaptation in the 
presence of a continued pheromone stimulus [342, 345, 358-364]. These negative 
feedback mechanisms involve pheromone receptor desensitization and endocytosis, 
enhanced GTP hydrolysis by Gpa1p (to attenuate Gβγ dimer signaling), the 
Introduction 
28 
 
activation of several phosphatases to limit the activity of the MAPK signaling module 
as well as the degradation of the α-factor in the extracellular space by the Bar1p 
protease. Bar1p represents a secreted protease that cleaves the α-factor between 
the sixth and the seventh amino acid residue [365]. Additionally, Bar1p activity is 
important to shape the extracellular pheromone gradient as well as to promote 
recovery from the pheromone-induced cell cycle arrest in cells that did not undergo 
successful mating [366-372]. 
 
1.3.3 Applications of yeast pheromones in synthetic biology and whole-cell 
sensors 
The entire yeast pheromone system, including pheromone secretion and maturation 
as well as cellular pheromone response, is well characterized. Therefore, yeast 
pheromones could be employed to implement artificial cell-cell communication modes 
between specifically engineered sender and receiver cell populations. Ultimately, 
synthetic cell-cell communication modules can be adopted into synthetic biology and 
biosensor applications, yielding artificial communication modes to control the 
behavior of individual subpopulations in cellular consortia [373-377]. 
For example, Regot et al. developed a yeast-based consortium for the calculation of 
Boolean functions [378]. Implementation of complex logic gates within a single cell is 
not feasible, given the increased risk of circuit cross-talk and the high metabolic 
burden as well as the low genetic stability associated with an increasing number of 
genetic elements transformed into a single host cell [373-377]. In the consortium 
approach, multiple yeast subpopulations were utilized, each engineered to calculate 
a specific function. The subpopulations were wired by the α-factor pheromone to 
achieve artificial cell-cell communication [378]. The consortium approach allowed for 
the implementation of highly complex circuits such as multiplexers and 1-bit adders 
with carry. Mathematical modelling of the design revealed that further tuning of the 
consortium performance might be feasible, focusing on modifications of the cell 
density or utilization of pheromone receptor variants with reduced ligand affinity [379]. 
Employing multiple, spatially confined yeast consortia, Macia et al. recently reported 
cell-based devices able to compute complex logic functions with up to six inputs, 
further pushing the limits of cellular logics [380]. In addition, artificial cell-cell 
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communication based on the yeast α-factor pheromone has been utilized to generate 
synthetic flip-flop memory devices as basic elements for information storage in 
biological systems [381, 382]. 
Synthetic cell-cell communication based on yeast pheromones could also be applied 
to implement artificial social behavior or quorum-sensing circuits. By employing  
a-type cells engineered to secrete the α-factor pheromone (i.e. secreting and sensing 
the same ligand), Youk and Lim engineered a yeast-based system to model social 
behavior [383]. By the additional use of “sense-only” cells, self-communication 
(asocial behavior) and neighbor-communication (social behavior) could be 
distinguished and the extent of both communication modes could be tuned by 
modulating the cell density as well as the expression levels of MFα1, BAR1 and 
STE2 [383]. In addition, Williams et al. developed an artificial quorum-sensing circuit 
relying on the secretion and perception of the α-factor pheromone by a single type of 
engineered cells [384]. In this design, the pheromone response was coupled to the 
expression of MFα1, essentially implementing a positive feedback loop. With 
increasing cell density, the pheromone concentration in the extracellular environment 
similarly increased. Upon passing a defined threshold value, a population-wide 
pheromone response was induced, strikingly resembling bacterial quorum-sensing 
systems [384]. 
Furthermore, the yeast α-factor pheromone has been exploited to achieve signal 
amplification in whole-cell sensors and to implement autonomous sensor-actor 
systems [385]. Yeast sensor cells were engineered to respond to a certain 
environmental cue by secreting high amounts of the α-factor pheromone, and a 
population of actor cells was engineered to couple the response to the secreted 
pheromone with the expression of a fluorescent protein, yielding the whole-cell 
biosensor read-out. Due to the inherent signal amplification in this design, the sensor-
actor system proved to be more sensitive than a whole-cell sensor relying on a single 
population of engineered sensor-cells. In addition, amplifier cells (responding to the 
α-factor by MFα1 expression) could be utilized to further reinforce the read-out signal 
of the whole-cell sensor [385]. Upon immobilization of sensor cells and actor cells in 
adjacent compartments, this strategy could be applied to create artificial patterns, 
taking use of the diffusion of the peptide pheromone across the compartment 
boundary [386].   
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1.4 Aim of this study 
 
In this study, a novel technique to create the read-out signal of whole-cell sensors, 
based on the yeast α-factor mating pheromone, should be developed. In this design, 
engineered sensor cells respond to a defined environmental signal by secreting high 
amounts of the α-factor pheromone, similar to the engineered sensor cells in sensor-
actor systems [385]. However, the extracellular pheromone should be quantified 
directly in this study, without the need for engineered actor cells, to generate the 
whole-cell sensor read-out. 
Evidently, this design depends on the availability of a highly sensitive method for  
α-factor pheromone quantification. Therefore, a novel immunoassay – based on the 
enzyme-linked immunosorbent assay (ELISA) concept – for the detection and 
quantification of the yeast pheromone should be developed. This assay relies on 
surface functionalization with the recombinant class I hydrophobin EAS and a 
derivative carrying the α-factor pheromone (EAS-α, Figure 3). Upon self-assembly of 
the recombinant hydrophobins, the α-factor pheromone should be exposed at a 
transducer surface, using the hydrophobin domain as a surface anchor to immobilize 
the yeast pheromone in defined orientation and density. Due to the exposed yeast 
pheromone, hydrophobin-functionalized surfaces would allow for attachment of 
pheromone-specific antibodies.  
Connecting the pheromone-secreting sensor cells with the functionalized surfaces via 
a fluid stream should result in pheromone transport from the sensor cells to the 
hydrophobin-functionalized surface. Excess of the α-factor pheromone in close 
vicinity of the functionalized surface should trigger a competition between the soluble 
pheromone (resulting from secretion by engineered sensor cells) and the immobilized 
α-factor (via EAS-α hydrophobin), ultimately resulting in competitive detachment of 
the antibodies from the functionalized surface. By the use of appropriate transducer 
elements, antibody detachment could be detected and quantified, providing the  
read-out signal of the whole-cell sensor (Figure 3). 
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Figure 3. Schematic illustration of a novel whole-cell biosensor utilizing the α-factor 
pheromone to generate the sensor read-out. This approach encompasses a population of 
engineered sensor cells responding to an environmental cue by modulating the synthesis and 
secretion of the α-factor pheromone (small blue spheres). Owing to its low molecular weight, the  
α-factor pheromone is used as a highly mobile signal molecule that can be transported in a fluid 
stream. A novel hydrophobin-based immunoassay is employed to quantify the α-factor pheromone, 
relying on the functionalization of an appropriate transducer element with the recombinant 
hydrophobins EAS (orange) and EAS-α (blue). EAS-α represents a derivative of the EAS hydrophobin 
engineered to expose the α-factor at the functionalized surface, allowing for the specific immobilization 
of α-factor antibodies (black Y-shaped structures) at the surface. Soluble α-factor, resulting from  
α-factor secretion by the sensor cells, in the vicinity of the functionalized surface should trigger a 
competition between the pheromone in solution and the pheromone immobilized at the surface  
(via EAS-α), ultimately causing antibody displacement from the functionalized surface that should be 
detected by the transducer element, resulting in a measurable read-out signal of the whole-cell sensor. 
 
In comparison to previously established read-out strategies for whole-cell sensors 
(section 1.1.3.3), this approach might provide some unique advantages. Commonly 
employed reporter proteins such as fluorescent proteins or luciferases depend on the 
use of optical transducers, limiting the flexibility regarding the transducer element. In 
addition, low sensor cell densities have to be maintained to avoid detrimental light 
scattering effects [116, 125]. In contrast, whole-cell sensors utilizing the α-factor 
pheromone to create the read-out signal would serve to overcome these limitations.  
Since the read-out signal is based on a secreted peptide pheromone, neither cell 
lysis nor substrate addition are required for this type of whole-cell sensors. The 
pheromone might be transported in a fluid stream, providing an opportunity for spatial 
Competitive antibody detachmentEnvironmental signal
Sensor cells secrete -factorα
Transport
Sensor cell
Transducer surface functionalized with hydrophobins 
EAS and EAS-  to immobilize -factor antibodiesα α
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separation of sensor cells and the functionalized transducer surface, allowing for high 
sensor cell densities to be utilized. Moreover, the proposed whole-cell sensor  
read-out would benefit from inherent signal amplification since the α-factor is 
synthesized as part of a large precursor molecule that gives rise to four identical 
copies of the α-factor pheromone upon maturation (Figure 1). Additionally, the 
hydrophobin-based immunoassays should be compatible with numerous transducer 
elements commonly employed in immunosensors (section 1.1.2), providing an 
opportunity to develop miniaturized devices for portable, field-deployable whole-cell 
biosensors (section 4.5.1). 
This study aimed at the development of hydrophobin-based immunoassays for the 
quantification of the α-factor pheromone as a prerequisite for the establishment of 
novel whole-cell sensors relying on the secreted mating pheromone. Therefore, the 
recombinant hydrophobins should be purified upon expression in a heterologous host 
and utilized for surface engineering, allowing for the development of novel 
immunoassays. These immunoassays should be applied to study the pheromone 
secretion of wild-type and engineered yeast strains, including proof-of-concept 
sensor cells modulating the pheromone secretion in response to an exogenous 
signal. Furthermore, an artificial cell-cell communication mode – based on S. pombe 
cells engineered to secrete the α-factor pheromone of S. cerevisiae – should be 
established, providing an opportunity to implement novel control elements in  
yeast-based cellular consortia. In addition, the engineered S. pombe cells should be 
interfaced with the hydrophobin-based immunoassays, allowing for the development 
of whole-cell sensors relying on diverse yeast species. 
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2 Materials and Methods 
 
 
2.1 Laboratory equipment 
 
Table 2. Special laboratory equipment used in this study. 
Description Specification Manufacturer 
   
Cell disruptor Mixer Mill MM 200 RETSCH GmbH (Germany) 
   
Centrifugal evaporator Concentrator 5301 Eppendorf AG (Germany) 
   
Desiccator Nalgene™ Transparent 
Polycarbonate Classic 
Design Desiccator 
Thermo Fisher Scientific 
(Germany) 
   
Electroporation system Gene Pulser II Bio-Rad Laboratories GmbH 
(Germany) 
   
Flow cytometer CyFlow® SL Partec GmbH (Germany) 
   
Fluorescence 
microscope 
Axio Observer.Z1 Carl Zeiss Microscopy GmbH 
(Germany) 
   
High performance liquid 
chromatography 
system 
Agilent 1200 series Agilent Technologies GmbH 
(Germany) 
   
Horizontal gel 
electrophoresis device 
PerfectBlue™ Gel 
System Mini M/Midi S 
Peqlab Biotechnologie GmbH 
(Germany) 
   
Microplate reader infinite M200 Tecan Group Ltd. 
(Switzerland) 
   
Rotating wheel Stuart® Rotator SB3 Bibby Scientific Ltd. (UK) 
   
Semi-dry electro-
transfer system 
PerfectBlue™ Semi- 
Dry Electro Blotter 
Sedec™ M 
Peqlab Biotechnologie GmbH 
(Germany) 
   
Thermocycler Mastercycler ep 
gradient S 
Eppendorf AG (Germany) 
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Table 2 (continued). 
Description Specification Manufacturer 
   
Ultrasonic homogenizer Sonopuls GM 2070 and 
UW 2070 
BANDELIN electronic 
GmbH & Co. KG (Germany) 
   
UV Transilluminator AlphaImager HP 
Imaging System 
Biozym Scientific GmbH 
(Germany) 
   
UV/Vis Spectro-
photometer 
Nanodrop ND-1000 Peqlab Biotechnologie GmbH 
(Germany) 
   
UV/Vis Spectro-
photometer 
UltroSpec 3000 Pharmacia Biotech (Germany) 
   
Vertical gel electro-
phoresis device 
PerfectBlue™ Twin 
ExW S Vertical Gel 
System 
Peqlab Biotechnologie GmbH 
(Germany) 
   
Water contact angle 
measurement device 
Drop Shape Analysis 
System DSA10 
Kruess GmbH (Germany) 
   
 
 
2.2 Laboratory materials 
 
2.2.1 Chemicals 
All chemicals were received in analytical grade or higher purity. Unless listed in 
Table 3, all chemicals were purchased from Sigma-Aldrich Co. LLC (Germany), 
Merck KGaA (Germany), AppliChem GmbH (Germany), Carl Roth GmbH + Co. KG 
(Germany) or VWR International GmbH (Germany).  
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Table 3. Special laboratory chemicals used in this study. 
Chemical Supplier 
  
Acetic acid Fisher Scientific GmbH (Germany) 
  
Agar Formedium™ (UK) 
  
Agarose Biozym Scientific GmbH (Germany) 
  
Bromophenol blue SERVA Electrophoresis GmbH 
(Germany) 
  
cOmplete EDTA-free Protease Inhibitor 
Cocktail Tablets 
Roche Diagnostics GmbH (Germany) 
  
His·Bind® Resin Novagen (Germany) 
  
Hydrogen peroxide 50 % (w/v), 
stabilized 
Acros Organics (USA) 
  
Isopropyl-β-D-thiogalactoside Calbiochem (USA) 
  
KODAK GBX developer and 
replenisher 
Eastman Kodak Company (USA) 
  
KODAK GBX fixer and replenisher Eastman Kodak Company (USA) 
  
Molybdic trioxide ICN Biomedicals Inc. (USA) 
  
Peptone Formedium™ (UK) 
  
RedSafe™ Nucleic Acid Staining 
Solution 
iNtRON Biotechnology (Korea) 
  
Sheath Fluid Partec GmbH (Germany) 
  
Yeast extract powder Formedium™ (UK) 
  
Yeast Nitrogen Base without amino 
acids and without ammonium sulphate 
Formedium™ (UK) 
  
 
  
Materials and Methods 
36 
 
2.2.2 Consumables 
Table 4. Laboratory consumables used in this study. 
Description Specification Supplier 
   
96-well Polystyrene 
Microplates 
Flat bottom (No. 473-800) Dr. Ilona Schubert 
Laborfachhandel 
(Germany) 
   
Autoradiography films Amersham Hyperfilm™ ECL GE Healthcare GmbH 
(Germany) 
   
Blotting filter paper 
 
Rotilabo®-blotting paper, 
0.36 mm 
Carl Roth GmbH  
+ Co. KG (Germany) 
   
Columns for protein 
purification 
 
Protino® Columns, 35 mL 
 
 
MACHEREY-NAGEL 
GmbH & Co. KG 
(Germany) 
   
Dialysis membrane Millipore V-series membrane, 
0.025 μm pore size 
Millipore (Germany) 
   
Dialysis tubes 
 
Spectra/Por® 1 Dialysis 
Membrane, 6 – 8 kDa MWCO 
Spectrum Laboratories 
Inc. (USA) 
   
Electroporation 
cuvettes 
Signature™ Disposable 
Electroporation Cuvettes, 
2 mm gap distance 
VWR International 
GmbH (Germany) 
   
Glass beads 0.25 – 0.5 mm diameter Carl Roth GmbH 
 + Co. KG (Germany) 
   
Micro inserts for vials 
(HPLC) 
Micro insert, strongly tapered MACHEREY-NAGEL 
GmbH & Co. KG 
(Germany) 
   
Polyvinylidene fluoride 
(PVDF) membrane 
Immobilon®-P, 0.45 µm pore 
size 
Millipore (Germany) 
 
   
Screw caps for vials 
(HPLC) 
Screw caps N 9 blue MACHEREY-NAGEL 
GmbH & Co. KG 
(Germany) 
   
Spectrophotometer 
cuvettes 
Rotilabo®-single use cells 
(Polystyrene) 
Carl Roth GmbH  
+ Co. KG (Germany) 
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Table 4 (continued). 
Description Specification Supplier 
   
Sterile filters (HPLC) 
 
 
CHROMAFIL® AO-45/3, 
Polyamide, 0.45 µm pore size 
 
MACHEREY-NAGEL 
GmbH & Co. KG 
(Germany) 
   
Sterile filters for 
syringes 
Rotilabo®-syringe filters, PES, 
0.22 µm pore size 
Carl Roth GmbH  
+ Co. KG (Germany) 
   
Syringes BD 1 mL/10 mL/50 mL syringe 
with Luer-Lok™ tip 
BD Diagnostics (USA) 
   
Ultrafiltration column Vivaspin 20, 5000 Da MWCO, 
PES 
Sartorius AG 
(Germany) 
   
Vials (HPLC) 2 mL Standard Opening 
(8 mm) Screw Top Vials 
Agilent Technologies 
GmbH (Germany) 
   
 
2.2.3 Molecular weight standards 
Table 5. Molecular weight standards used in this study. 
Molecular weight standard Supplier 
  
Agarose gel electrophoresis 
 
GeneRuler 100 bp DNA Ladder Thermo Fisher Scientific (Germany) 
  
GeneRuler 1 kb DNA Ladder Thermo Fisher Scientific (Germany) 
  
 
SDS-PAGE and Tricine SDS-PAGE 
 
PageRuler Plus Prestained Protein 
Ladder 
Thermo Fisher Scientific (Germany) 
  
Spectra Multicolor Low Range Protein 
Ladder 
Thermo Fisher Scientific (Germany) 
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2.2.4 Enzymes 
Table 6. Commercial enzymes used in this study. 
Enzyme Supplier 
  
Enzymes for molecular cloning 
 
BamHI-HF® restriction endonuclease New England Biolabs GmbH (Germany) 
  
HindIII-HF® restriction endonuclease New England Biolabs GmbH (Germany) 
  
NheI-HF® restriction endonuclease New England Biolabs GmbH (Germany) 
  
Phusion® High-Fidelity DNA Polymerase  New England Biolabs GmbH (Germany) 
  
SpeI-HF® restriction endonuclease  New England Biolabs GmbH (Germany) 
  
SphI-HF® restriction endonuclease New England Biolabs GmbH (Germany) 
  
T4 DNA Ligase New England Biolabs GmbH (Germany) 
  
Taq DNA Polymerase  New England Biolabs GmbH (Germany) 
  
XhoI restriction endonuclease New England Biolabs GmbH (Germany) 
  
XmaI restriction endonuclease New England Biolabs GmbH (Germany) 
  
  
Enzymes used for purification of proteins from E. coli 
 
Benzonase® Nuclease  Merck KGaA (Germany) 
  
DNase I AppliChem GmbH (Germany) 
  
Lysozyme Carl Roth GmbH + Co. KG (Germany) 
  
RNase A AppliChem GmbH (Germany) 
  
  
Further enzymes 
 
Proteinase K Carl Roth GmbH + Co. KG (Germany) 
  
Zymolyase Seikagaku Biobusiness (Japan) 
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2.2.5 Antibodies 
Table 7 summarizes commercial antibodies used in this study. Antibodies were 
diluted in 5 % (w/v) nonfat milk powder in TBS-T and 0.5 % (w/v) bovine serum 
albumin (BSA) in PBS-T for application in Western analyses and ELISA 
measurements, respectively. 
 
Table 7. Antibodies used in this study and their final concentrations for application in Western 
analyses and ELISA measurements. 
Antibody 
Western 
analyses 
ELISA Supplier 
 
Primary antibodies 
 
Anti-α-factor  
(polyclonal, from rabbit) 
2.0 µg/mL 0.4 µg/mL Peninsula 
Laboratories Inc. 
(USA) 
    
Anti-GFP  
(monoclonal, from mouse) 
0.4 µg/mL --- Roche Diagnostics 
GmbH (Germany) 
    
Anti-HA  
(monoclonal, from mouse) 
0.4 µg/mL 0.08 µg/mL Roche Diagnostics 
GmbH (Germany) 
    
Anti-(His)6  
(monoclonal, from mouse) 
0.2 µg/mL 0.1 µg/mL Roche Diagnostics 
GmbH (Germany) 
    
Anti-tRFP  
(polyclonal, from rabbit) 
0.2 µg/mL --- Evrogen Joint Stock 
Company (Russia) 
    
    
Secondary antibodies 
 
ECL™ Anti-Mouse IgG, 
Horseradish Peroxidase-
linked whole antibody  
(from sheep) 
1:5,000 1:10,000 GE Healthcare GmbH 
(Germany) 
    
ECL™ Anti-Rabbit IgG, 
Horseradish Peroxidase-
linked whole antibody  
(from donkey) 
1:5,000 1:10,000 GE Healthcare GmbH 
(Germany) 
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2.2.6 Synthetic peptides 
Table 8. Synthetic peptides used in this study. 
Synthetic peptide Primary sequence Concentration Supplier 
    
α-factor mating 
pheromone 
WHWLQLKPGQPMY 10 mM in 0.1 M 
sodium acetate 
(pH 5.2) 
Zymo Research 
Corp. (USA) 
    
HA peptide YPYDVPDYA 1 mM in ddH2O GenScript Inc. 
(USA) 
    
 
2.2.7 DNA oligonucleotides 
DNA oligonucleotides were synthesized by biomers.net GmbH (Germany). 
Oligonucleotides were dissolved in ddH2O yielding a final concentration of 
100 pmol/µL and stored at -20 °C. DNA oligonucleotides used for DNA sequencing 
exclusively are given in section 2.5.9. 
 
Table 9. DNA oligonucleotides used in this study. 
Cleavage sites for restriction endonucleases are underlined. DNA sequences complementary to the 
template sequence are indicated by capital letters. 
Oligonucleotide Sequence (5’ → 3’) 
Cleavage 
site(s) 
   
3HA_SpeI_HindIII_ 
for 
aatataaagcttactagtTACCCATACGATGTT-
CCTGACTATG 
HindIII, 
SpeI 
   
EAS_BamHI_rev tatattggatccGGCAACGCAGTTGGCAGC BamHI 
   
EAS_NheI_for ggagtagctagcATCGGCCCCAACACCTGC NheI 
   
EAS_STOP_ 
BamHI_rev 
tagattggatccTTAGGCAACGCAGTTGGCAGC BamHI 
   
EAS-α-KR_XhoI_rev tatattctcgagttaacgtttATACATCGGCTG-
GCCCGG 
XhoI 
   
EAS-HA_XhoI_rev tgtaccctcgagttaCGCATAGTCAGGAACATC-
GTATGG 
XhoI 
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Table 9 (continued). 
Oligonucleotide Sequence (5’ → 3’) 
Cleavage 
site(s) 
   
KEX1_XhoI_for aaggtactcgagATGTTTTACAATAGGTGGCT-
CGGA 
XhoI 
   
KEX1_XmaI_rev aatatacccgggTTAAAAATCAGTCATCTCAAA-
AGATTCATC 
XmaI 
   
map2/MFα1_3HA_ 
NheI_rev 
cgcgcggctagcGCTCTCAAATTTGGCAGTAA-
TATTG 
NheI 
   
map2/MFα1_ 
BamHI_rev 
tattgtggatccTTAGCTCTCAAATTTGGCAGT-
AATATT 
BamHI 
   
map2/MFα1_XhoI_ 
for 
ataatactcgagATGAAGATCACCGCTGTCAT-
TG 
XhoI 
   
MCS_(GGGGS)3_ 
SpeI_rev 
tatattactagtgctgccgccgccgccgctgcc-
gccgccgccgctgccgccgccgccggatccCGA-
CCCATTTGCTG 
SpeI, 
BamHI 
   
MCS_SpeI_α_XhoI_
rev 
tatattctcgagttaatacatcggctggcccgg-
tttcagctgcagccaatgccaactagtaagctt-
GTCGACGGAGCTCG 
XhoI, 
SpeI, 
HindIII 
   
MFα1_BamHI_for ataataggatccATGAGATTTCCTTCAATTTTT-
ACTGCAGTT 
BamHI 
   
MFα1_BamHI_rev atatatggatccTTAGTACATTGGTTGGCCGG-
GTTTTAA 
BamHI 
   
MFα1_XhoI_for acttatctcgagATGAGATTTCCTTCAATTTTT-
ACTGCAGTTTTATT 
XhoI 
   
MFα1-3HA_NheI_ 
rev 
ataattgctagcGTACATTGGTTGGCCGGGTT-
TTAACT 
NheI 
   
MFα1-KR_ BamHI_ 
rev 
ataattggatccttatcttttGTACATTGGTTG-
GCCGGGTTTTAACT 
BamHI 
   
MFα1-KR_XhoI_rev ataattctcgagttatcttttGTACATTGGTTG-
GCCGGGTTTTAACT 
XhoI 
   
pET28b_SphI_for AATGGTGCATGCAAGGAGATGG SphI 
   
STE13_BamHI_rev aatctaggatccTTATAAATGCAAAACTTCAGT-
GTTGTCAA 
BamHI 
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Table 9 (continued). 
Oligonucleotide Sequence (5’ → 3’) 
Cleavage 
site(s) 
   
STE13_XhoI_for aatatactcgagATGTCTGCTTCAACTCATTC-
GCA 
XhoI 
   
 
2.2.8 Plasmids 
All plasmids used in this study are listed in Table 10. Plasmids applied for 
heterologous expression in E. coli were derivatives of the pET23b and pET28b 
expression vectors (Novagen, Germany). Vectors used for the expression of 
heterologous genes in S. cerevisiae were derived from p426GPD [387] whereas  
S. pombe expression vectors were derivatives of pJR1-3XL and pJR1-3XU [388]. 
 
Table 10. Plasmids used in this study including relevant features. 
Vector Relevant features Reference 
   
Vectors for E. coli 
 
pET23b-HA-
EGFP 
 
pBR322 origin, ampR, T7 promoter, 
T7 terminator, HA-EGFP 
 
A. Clemens, Institute of 
Genetics, Technische 
Universität Dresden 
   
pET28b 
 
pBR322 origin, kanR, lacI, T7 
promoter, T7 terminator 
Novagen (Germany) 
 
   
pET28b-EAS T7 promoter, EAS This study 
   
pET28b-EAS-α T7 promoter, EAS-α This study 
   
pET28b-EAS-α-
KR 
T7 promoter, EAS-α-KR This study 
   
pET28b-EAS-HA T7 promoter, EAS-HA This study 
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Table 10 (continued). 
Vector Relevant features Reference 
   
Vectors for S. cerevisiae 
 
p426GPD 
 
 
ColE1 origin, ampR, 2µ origin, 
URA3, GPD promoter, CYC1 
terminator 
[387] 
 
 
   
p426GPD-MFα1 GPD promoter, MFα1 This study 
   
p426GPD-MFα1-
KR 
GPD promoter, MFα1-KR This study 
   
   
Vectors for S. pombe 
 
pJR1-3XL 
 
f1 origin, ampR, ars1, LEU2, nmt1 
promoter, nmt1 terminator 
[388] 
 
   
pJR1-3XU 
 
f1 origin, ampR, ars1, ura4+, nmt1 
promoter, nmt1 terminator 
[388] 
 
   
pJR1-3XU-KEX1 nmt1 promoter, KEX1 This study 
   
pJR1-3XU-STE13 nmt1 promoter, STE13 This study 
   
pJR1-map2/MFα1 nmt1 promoter, chimeric gene 
map2/MFα1 
This study 
   
pJR1-map2/ 
MFα1-3HA 
nmt1 promoter, chimeric gene 
map2/MFα1-3HA 
This study 
   
pJR1-MFα1 nmt1 promoter, MFα1 This study 
   
pJR1-MFα1-3HA nmt1 promoter, MFα1-3HA This study 
   
pJR1-MFα1-KR nmt1 promoter, MFα1-KR This study 
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2.3 Microorganisms 
 
2.3.1 Escherichia coli (E. coli) strains 
Table 11. E. coli strains used in this study. 
Strain Genotype Reference 
   
BL21 (DE3) 
pLysS 
F- ompT hsdSB(rB
-mB
-) gal dcm (DE3) 
pLysS (CamR) 
Novagen (Germany) 
   
SHuffle® T7 
Express lysY 
 
 
 
 
MiniF lysY (CamR)/ Δ(ara-leu)7697 
araD139 fhuA2 lacZ::T7 gene1 
Δ(phoA)PvuII phoR ahpC* galE (or U) 
galK λatt::pNEB3-r1-cDsbC (SpecR, 
lacIq) ΔtrxB rpsL150(StrR) Δgor 
Δ(malF)3 
New England Biolabs 
GmbH (Germany) 
 
 
 
 
   
Top10F` 
 
 
 
 
F'[lacIq Tn10(tetR)] mcrA Δ(mrr-
hsdRMS-mcrBC) φ80lacZΔM15 
ΔlacX74 deoR nupG recA1 araD139 
Δ(ara-leu)7697 galU galK rpsL(StrR) 
endA1 λ- 
Invitrogen GmbH 
(Germany) 
 
 
 
   
 
2.3.2 Yeast strains 
Table 12. Yeast strains used in this study. 
Strain Genotype Reference 
   
Saccharomyces cerevisiae (S. cerevisiae) 
 
BY4741 MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 
EUROSCARF 
(Germany) 
   
BY4741 Δbar1 MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 YIL015w::kanMX4 
EUROSCARF 
(Germany) 
   
BY4741 Δbar1 
FIG1-tRFP 
MATa his3Δ1 leu2Δ0 met15Δ0 
ura3Δ0 YIL015w::kanMX4 
YBR166c::FIG1-tRFP 
Dr. A. Groß, Institute of 
Genetics, Technische 
Universität Dresden 
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Table 12 (continued). 
Strain Genotype Reference 
   
BY4742 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 EUROSCARF 
(Germany) 
   
BY4742 Δkex1 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
YGL203c::kanMX4 
EUROSCARF 
(Germany) 
   
BY4742 Δste13 MATα his3Δ1 leu2Δ0 lys2Δ0 ura3Δ0 
YOR219c::kanMX4 
EUROSCARF 
(Germany) 
   
   
Schizosaccharomyces pombe (S. pombe) 
 
HE620 h
+S leu1-32 ura4-D18 [389] 
   
 
 
2.4 Cultivation of microorganisms 
 
2.4.1 Cultivation of E. coli 
E. coli was grown in Luria Broth (LB) medium at 30 °C or 37 °C under constant 
rotation (180 rpm). If selection for transformed cells had to be applied, ampicillin 
(100 µg/mL), kanamycin (60 µg/mL) and/or chloramphenicol (34 µg/mL) were added. 
Antibiotics were dissolved in ddH2O (ampicillin and kanamycin) or 70 % (v/v) ethanol 
(chloramphenicol), passed through a sterile filter and stored at -20 °C. 
 
LB medium (pH 7.4): 10 g/L Peptone 
 5 g/L Yeast extract 
 5 g/L NaCl 
 15 g/L Agar for solid LB medium 
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2.4.2 Cultivation of S. cerevisiae 
S. cerevisiae was cultivated using either rich medium (YPD medium) or minimal 
medium (SD medium) at 30 °C under constant rotation (180 rpm). SD medium was 
employed to select for plasmid-carrying yeast cells. Different supplements were 
added to SD medium according to the auxotrophies of the respective yeast strain.  
 
YPD medium: 20 g/L Peptone 
 10 g/L Yeast extract 
 20 g/L Glucose 
 15 g/L Agar for solid YPD medium 
 
SD medium: 1.9 g/L Yeast Nitrogen Base 
 5 g/L (NH4)2SO4 
 20 g/L Glucose 
 20 g/L Agar for solid SD medium 
 
Supplements: 80 mg/L L-Leucine 
 20 mg/L L-Methionine 
 60 mg/L L-Histidine 
 30 mg/L Uracil 
 30 mg/L L-Tyrosine 
 
2.4.3 Cultivation of S. pombe 
S. pombe HE620 was grown in rich medium (YES medium) or Edinburgh minimal 
medium (EMM) [390] at 30 °C under constant shaking (180 rpm). If required, 
supplements were added to EMM to complement the auxotrophies of the respective 
S. pombe strain. 
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YES medium (pH 6.5): 5 g/L Yeast extract 
 30 g/L Glucose 
 0.1 % (v/v) Solution A3a 
 0.1 % (v/v) Solution A3b 
 100 mg/L L-Leucine 
 50 mg/L L-Proline 
 50 mg/L L-Lysine 
 100 mg/L Uracil 
 20 g/L Agar for solid YES medium 
 
Solution A3a: 1 g/L Calcium-D(+)-pantothenic acid 
 10 g/L Myo-inositol 
 10 g/L Nicotinic acid 
 
Solution A3b: 10 mg/L Biotin 
 50.0 % (v/v) Ethanol 
 
EMM (pH 5.5): 5 g/L NH4Cl 
 2.2 g/L Na2HPO4 
 20 g/L Glucose 
 5.0 % (v/v) Salt stock solution 
 0.1 % (v/v) Solution A3a 
 0.1 % (v/v) Solution A3b 
 0.01 % (v/v) Mineral stock solution 
 20 g/L Agar for solid EMM 
 
Salt stock solution (pH 5.5): 60 g/L Potassium hydrogen phthalate 
 21 g/L MgCl2 · 6 H2O 
 0.8 g/L Na2SO4 
 20 g/L KCl 
 0.39 g/L CaCl2 · 2 H2O 
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Mineral stock solution: 5.0 g/L Boric acid 
 4.48 g/L MnSO4 · H2O 
 4.0 g/L ZnSO4 · 7 H2O 
 1.2 g/L FeCl3 
 356 mg/L MoO3 
 1.0 g/L KI 
 400 mg/L CuSO4 · 5 H2O 
 10.0 g/L Citric acid 
 
Supplements: 250 mg/L L-Leucine 
 100 mg/L Uracil 
 
 
2.5 Molecular cloning techniques 
 
2.5.1 Isolation of chromosomal DNA from S. cerevisiae 
About 10 mL of YPD medium were inoculated with cells of the respective  
S. cerevisiae strain and grown for 14 – 16 h at 30 °C. About 6 mL of the cell 
suspension were harvested (3,500 × g, 5 min, 4 °C), washed once with ddH2O and 
harvested again under identical conditions. Subsequently, cells were resuspended in 
500 µL yeast lysis buffer, glass beads (diameter 0.25 – 0.5 mm) were added and the 
cells were disintegrated mechanically by using a cell disruptor (30 Hz, 5 min). Glass 
beads were allowed to sediment, the supernatant was transferred to a new vial and 
mixed with 275 µL 7 M ammonium acetate (pH 7.0) prior to incubation for 5 min at 
65 °C. After chilling the solution for 5 min on ice, 500 µL chloroform were added, 
mixed thoroughly for 1 min and centrifuged at 13,000 × g for 5 min. The upper 
(aqueous) phase was carefully withdrawn, mixed with 1 mL 2-propanol and incubated 
for 30 min at -20 °C. Precipitated DNA was pelleted by centrifugation (13,000 × g, 
15 min, 4 °C), washed three times with 70 % (v/v) ethanol and dried in a centrifugal 
evaporator. Eventually, DNA was dissolved in 50 µL ddH2O and stored at -20 °C. 
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Yeast lysis buffer (pH 8.0): 100 mM Tris/HCl 
 50 mM EDTA 
 1.0 % (w/v) SDS 
 
2.5.2 Polymerase chain reaction (PCR) 
Targeted amplification of DNA fragments for molecular cloning purposes was 
achieved by PCR employing the Phusion® High-Fidelity DNA polymerase, owing to 
its proof-reading activity. Diagnostic PCR was carried out using the Taq DNA 
polymerase. The composition of PCR mixtures is detailed in Table 13. 
 
Table 13. Composition of PCR mixtures for different DNA polymerases. 
Component 
Phusion® High-Fidelity 
DNA polymerase 
Taq DNA polymerase 
   
Reaction buffer 1 × Phusion® HF Buffer 1 × GoldStar PCR Buffer 
   
MgCl2 1.5 mM 
(1) 1.5 mM 
   
Forward Primer 0.4 pM 0.4 pM 
   
Reverse Primer 0.4 pM 0.4 pM 
   
dNTPs 0.2 mM 0.2 mM 
   
DNA template 1-10 ng 1-10 ng 
   
DNA polymerase 0.02 U/µL 0.025 U/µL 
   
 
(1) 1 × Phusion
®
 HF Buffer already contained 1.5 mM MgCl2. 
 
10 × GoldStar PCR Buffer (pH 8.8): 750 mM Tris/HCl 
 200 mM (NH4)2SO4 
 0.1 % (v/v) Tween® 20 
 
Standard PCR amplification featured ten cycles with lower primer annealing 
temperature and 25 subsequent cycles with elevated primer annealing temperature. 
The standard PCR temperature profile is indicated in Table 14.  
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Table 14. Temperature profile for standard PCR. 
Cycle step Temperature Time Cycles 
    
Initial denaturation 98/94 °C (1) 3:00/5:00 min (2) 1 
    
    
Denaturation 98/94 °C (1) 0:30 min 
10 
   
Primer annealing TA1 
(3) 0:30 min 
   
Primer extension 72 °C textension 
(4) 
    
    
Denaturation 98/94 °C (1) 0:30 min 
25 
   
Primer annealing TA2 
(3) 0:30 min 
   
Primer extension 72 °C textension 
(4) 
    
    
Final extension 72 °C 3:00/5:00 min (2) 1 
    
 
(1) Temperature during the denaturation step was adjusted to 98 °C and 94 °C for reactions using 
Phusion
®
 High-Fidelity DNA polymerase and Taq DNA polymerase, respectively. 
(2) Time interval for initial denaturation and final extension was set to 3:00 min and 5:00 min for 
reactions using Phusion
®
 High-Fidelity DNA polymerase and Taq DNA polymerase, respectively. 
(3) Temperatures during primer annealing steps were calculated by considering the melting 
temperature of the specifically hybridizing sequence (TA1) and the full nucleotide sequence (TA2) of the 
oligonucleotides used. Oligonucleotide melting temperatures were determined by Vector NTI software. 
(4) Extension time textension was calculated by considering the speed of each DNA polymerase 
(3 kb/min for Phusion
®
 High-Fidelity DNA polymerase, 1 kb/min for Taq DNA polymerase) and the 
length of the DNA fragment to be amplified. 
 
2.5.3 Restriction of DNA 
About 1 – 2 µg of purified DNA were mixed with 20 U of the respective restriction 
endonuclease and incubated for at least 1 h at 37 °C. Commercial reaction buffers 
purchased from New England Biolabs GmbH (Germany) were chosen according to 
the specific activity of the restriction endonuclease(s). If required, 0.1 mg/mL BSA 
was added. 
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2.5.4 Agarose gel electrophoresis 
DNA fragments were separated by the use of agarose gel electrophoresis. 
Respective gels were prepared by dissolving 1.0 – 1.5 % (w/v) agarose in TAE buffer 
by heating in a microwave oven. Agarose solutions were cooled down prior to adding 
1 × RedSafe™ Nucleic Acid Staining Solution. Upon solidification, agarose gels were 
placed into horizontal gel electrophoresis systems and loaded with DNA samples 
premixed with DNA loading buffer. About 500 ng of an appropriate molecular weight 
size standard were also loaded. DNA fragments were separated by applying a 
constant voltage of 90 – 130 V and visualized by illumination at 365 nm in a  
UV Transilluminator. 
 
TAE buffer (pH 8.3): 40 mM Tris/HCl 
 20 mM Acetic acid 
 1 mM EDTA 
 
6 × DNA loading buffer (pH 8.0): 0.2 % (w/v) Bromophenol blue 
 100 mM EDTA 
 30.0 % (v/v) Glycerol 
 
2.5.5 Extraction of DNA fragments from agarose gels 
For molecular cloning purposes, DNA fragments were excised from agarose gels by 
the use of a sterile scalpel. DNA was purified from agarose gel fragments using the 
Zymoclean™ Gel DNA Recovery Kit system (Zymo Research Corp., USA) according 
to the manufacturer`s instruction. 
 
2.5.6 DNA ligation 
The concentration of DNA fragments was determined by measuring the UV 
absorption at 280 nm using a Nanodrop ND-1000 UV/Vis spectrophotometer prior to 
setting up DNA ligation reactions. The DNA fragments were mixed in equimolar ratio 
and DNA ligation buffer as well as T4 DNA ligase were added. DNA ligation was 
carried out at ambient temperature for 2 h or at 16 °C for at least 14 h. To remove 
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excess salts prior to electroporation, about 5 µL of the DNA ligation reaction were 
placed on a Millipore V-series dialysis membrane and dialyzed for at least 15 min 
against ddH2O. 
 
2.5.7 Transformation of E. coli via electroporation 
 
2.5.7.1 Preparation of electrocompetent cells 
E. coli cells were grown in 15 mL LB medium at 37 °C for 14 – 16 h to stationary 
phase and 400 mL fresh LB medium were inoculated with 8 mL of this cell 
suspension. The main culture was incubated at 37 °C until cells reached mid-log 
phase (OD600 = 0.4 – 0.6). The cell suspension was chilled on ice for 15 min and cells 
were harvested by centrifugation (3,500 × g, 10 min, 4 °C). E. coli cells were washed 
twice with cold, sterile ddH2O and twice with cold, sterile 10 % (v/v) glycerol. Each 
washing step was followed by centrifugation under aforementioned conditions. 
Finally, the cells were resuspended in 2 mL cold, sterile 10 % (v/v) glycerol and 50 µL 
aliquots were stored at -80 °C until use. 
 
2.5.7.2 Electroporation 
E. coli cells were transformed with plasmid DNA by employing the electroporation 
technique. Aliquots of electrocompetent cells were thawed on ice and mixed with 
about 100 ng of purified plasmid DNA. Alternatively, 3 µL of a DNA ligation reaction 
were added. The resulting suspension was filled in chilled electroporation cuvettes 
and electroporation was carried out using appropriate parameters (2.5 kV, 25 µF, 
200 Ω). Cells were immediately resuspended in 1 mL SOC medium, incubated for 1 h 
at 37 °C under constant shaking (400 rpm) and finally plated on LB medium 
containing the respective antibiotic(s) for selection of transformed cells. LB plates 
were incubated for at least 14 h at 37 °C. 
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SOC medium: 20 g/L Peptone 
 5 g/L Yeast extract 
 10.0 mM NaCl 
 2.5 mM KCl 
 20.0 mM Glucose 
 10.0 mM MgCl2 · 6 H2O 
 10.0 mM MgSO4 · 7 H2O 
 
2.5.8 Isolation of plasmid DNA from E. coli 
A single colony of transformed E. coli cells was used to inoculate 10 mL LB medium 
containing the respective antibiotic(s) and cells were grown for at least 14 h at 37 °C. 
Plasmid DNA was isolated by the use of the ZR Plasmid Miniprep™-Classic kit 
system (Zymo Research Corp., USA) according to the manufacturer`s instruction. 
 
2.5.9 DNA sequencing 
DNA sequencing was carried out by Eurofins Genomics GmbH (Germany). DNA 
oligonucleotides used exclusively for sequencing purposes were provided by Eurofins 
Genomics GmbH (Germany) or purchased from biomers.net GmbH (Germany). 
 
Table 15. DNA oligonucleotides used for DNA sequencing. 
DNA oligonucleotide Sequence (5’ → 3’) 
  
CYCtermrev GCGTGAATGTAAGCGTGAC 
  
GPD promfor CGGTAGGTATTGATTGTAATTCTG 
  
KEX1 Seq CGTTTGCTATGGAGAAGAAACTGA 
  
nmt1 for AGGAATCCTGGCATATCATC 
  
nmt1 rev TGCAGCTTGAATGGGCTTCC 
  
STE13 Seq1 GACGTAAAAGTGTATGATATACCATCATCTC 
  
STE13-Seq2 TCTGGCTTTGGGGGGATG 
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Table 15 (continued). 
DNA oligonucleotide Sequence (5’ → 3’) 
  
T7 TAATACGACTCACTATAGGG 
  
T7term CTAGTTATTGCTCAGCGGT 
  
 
2.5.10 DNA synthesis 
The Open Reading Frame (ORF) encoding the synthetic map2/MFα1 gene 
comprising parts of S. pombe map2 and S. cerevisiae MFα1 was synthesized by 
ATG:biosynthetics GmbH (Germany). 
 
2.5.11 Yeast transformation 
Transformations of S. cerevisiae and S. pombe were carried out by the lithium 
acetate/single-stranded carrier DNA/polyethylene glycol (PEG) method according to 
Gietz and Woods [391]. Briefly, yeast cells were grown at 30 °C to stationary phase 
in 10 mL YPD or YES medium. About 2 mL of the cell suspension were taken and 
cells were harvested by centrifugation (3,500 × g, 5 min, 4 °C). Cells were washed 
once with cold, sterile ddH2O and once with cold, sterile 100 mM lithium acetate. 
Each washing step was followed by centrifugation under aforementioned conditions. 
The cell pellet was covered with 240 µL cold, sterile 50 % (w/v) PEG 3350, and  
36 µL 1 M lithium acetate, 25 µL 10 mg/mL single-stranded carrier DNA and about 
2 µg plasmid DNA (dissolved in 50 µL ddH2O) were added sequentially. The cells 
were resuspended in the transformation mixture and incubated at 30 °C for 30 min 
prior to a heat shock treatment (42 °C, 20 min). Finally, cells were harvested under 
aforementioned conditions, resuspended in 100 µL cold, sterile ddH2O and spread on 
minimal medium plates containing the respective supplements to select for plasmid-
carrying cells. Minimal medium plates were incubated at 30 °C for three to seven 
days. 
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2.6 Western Blot analysis 
 
2.6.1 Preparation of yeast cell lysates 
Total cell lysates of yeast cells were prepared for Western analyses. Therefore, the 
cells were suspended in phosphate-buffered saline (PBS) containing protease 
inhibitors and were disintegrated mechanically by the use of glass beads  
(0.25 – 0.5 mm diameter) using a cell disruptor (30 Hz, 5 min). Subsequently, glass 
beads and intact cells were removed by centrifugation (3,500 × g, 5 min, 4 °C) to 
obtain cellular lysates. Total protein concentrations were determined by the use of 
the Bio-RAD DC™ Protein Assay (Bio-Rad Laboratories GmbH, Germany) according 
to the manufacturer`s instruction. Eventually, cell lysates were subjected to 
electrophoretic separation (section 2.6.2) and immunological analysis (sections 2.6.5 
and 2.6.6). 
 
PBS (pH 7.4) 2.68 mM KCl 
 1.47 mM KH2PO4 
 7.82 mM Na2HPO4 · 12 H2O 
 137 mM NaCl 
 
2.6.2 Sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) 
SDS-PAGE was carried out to separate proteins under denaturing conditions 
following the principle of discontinuous electrophoresis [392]. A vertical gel 
electrophoresis cassette was assembled by employing spacers (0.8 mm thickness) 
and respective glass plates. The separating gel was prepared according to Table 16 
and carefully poured into the cassette. The gel was covered with 1 mL 2-propanol 
and allowed to polymerize for at least 45 min at ambient temperature. Upon 
withdrawal of 2-propanol, the stacking gel (Table 16) was poured on top of the 
separating gel. A suitable comb was inserted and the gel was allowed to polymerize 
overnight at room temperature under moist conditions. 
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Table 16. Composition of separating and stacking gels for SDS-PAGE. 
Component 
Separating gel 
 
15 % (w/v) Polyacrylamide 
Stacking gel 
 
5 % (w/v) Polyacrylamide 
   
30 % (w/v) Acrylamide: 
bis-acrylamide (37.5 : 1) 
5.0 mL 1.7 mL 
   
Separating gel buffer 
(1.5 M Tris/HCl, pH 8.8) 
2.5 mL --- 
   
Stacking gel buffer 
(1.0 M Tris/HCl, pH 6.8) 
--- 1.25 mL 
   
10 % (w/v) SDS 100 µL 100 µL 
   
10 % (w/v) Ammonium 
persulfate (APS) 
100 µL 100 µL 
   
N,N,N′,N′-Tetramethyl-
ethane-1,2-diamine 
(TEMED) 
4 µL 10 µL 
   
ddH2O 2.3 mL 6.8 mL 
   
 
Protein samples were mixed with 6 × Protein loading buffer prior to adding 
dithiothreitol to a final concentration of 100 mM. The samples were incubated for 
5 min at 95 °C and subsequently loaded on the gel. The electrophoresis chamber 
was filled with running buffer and the proteins were separated by applying a 
maximum voltage of 120 V while limiting the current to 30 mA per gel. 
 
6 × Protein loading buffer (pH 6.8): 300 mM Tris/HCl 
 12.0 % (w/v) SDS 
 0.6 % (w/v) Bromophenol blue 
 26.3 % (v/v) Glycerol 
  
Running buffer: 24.9 mM Tris 
 191.8 mM Glycine 
 0.1 % (w/v) SDS 
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2.6.3 Tricine SDS-PAGE 
Due to the comparatively low molecular weight of recombinant hydrophobins, a 
modified SDS-PAGE version (Tricine SDS-PAGE [393]) was carried out for the 
electrophoretic separation of these proteins. The composition of the separating gel 
and stacking gel for Tricine SDS-PAGE is detailed in Table 17. Protein samples 
containing the recombinant hydrophobins were prepared according to the standard 
SDS-PAGE protocol (section 2.6.2). The electrophoretic device was filled with Tricine 
running buffer and the proteins were separated by applying an electric field with a 
maximum voltage of 150 V and a maximum current of 60 mA per gel. The 
electrophoresis was carried out in a cold room to prevent heating up of the device. 
 
Table 17. Composition of separating and stacking gels for Tricine SDS-PAGE. 
Component 
Separating gel 
 
18 % (w/v) Polyacrylamide 
Stacking gel 
 
2.5 % (w/v) Polyacrylamide 
   
40 % (w/v) Acrylamide: 
bis-acrylamide (19 : 1) 
4.5 mL --- 
   
40 % (w/v) Acrylamide: 
bis-acrylamide (29 : 1) 
--- 1.3 mL 
   
Tricine gel buffer 2.5 mL 2.5 mL 
   
10 % (w/v) APS 40 µL 40 µL 
   
TEMED 15 µL 40 µL 
   
ddH2O 3.0 mL 6.2 mL 
   
 
Tricine gel buffer (pH 8.45): 3.0 M Tris/HCl 
 0.4 % (w/v) SDS 
 
Tricine running buffer (pH 8.3): 100 mM Tris/HCl 
 100 mM Tricine 
 0.1 % (w/v) SDS 
 
 
Materials and Methods 
58 
 
2.6.4 Colloidal Coomassie staining 
Upon electrophoretic separation, proteins could be visualized in the gel matrix by 
colloidal Coomassie staining [394]. Therefore, electrophoresis cassettes were 
disassembled and the separating gels were washed in ddH2O for 1 min. 
Subsequently, the proteins were fixed in the polyacrylamide matrix by incubating the 
separating gels for 30 min in colloidal Coomassie fixer. Upon separation via Tricine 
SDS-PAGE, 5 % (v/v) glutaraldehyde was used to fix the proteins in the gel matrix. 
The separating gels were washed three times for 5 min using ddH2O and finally 
transferred into the colloidal Coomassie staining solution to visualize proteins. The 
gels were allowed to stain for at least 24 h at ambient temperature. 
 
Colloidal Coomassie fixer: 40 % (v/v) Ethanol 
 10 % (v/v) Acetic acid 
 
Colloidal Coomassie staining solution: 0.8 g/L Coomassie brilliant blue G-250 
 80 g/L Ammonium sulfate 
 0.82 % (v/v) Phosphoric acid 
 20 % (v/v) Methanol 
 
2.6.5 Transfer of proteins to PVDF membranes 
Upon electrophoretic separation, proteins could be transferred to PVDF membranes 
via the semi-dry Western Blot method. To this end, the electrophoresis cassettes 
were disassembled and the separating gels were equilibrated in transfer buffer for at 
least 15 min. Separating gels derived from Tricine SDS-PAGE were incubated in 
transfer buffer for at least 30 min. The PVDF membrane was activated by incubation 
for 1 min in methanol and subsequently stored in transfer buffer. Likewise, six sheets 
of blotting filter paper were soaked with transfer buffer prior to assembling the 
Western Blot. Three sheets of the blotting filter paper, the activated PVDF 
membrane, the separating gel and another three sheets of the blotting filter paper 
were sequentially stacked on the anode of a semi-dry Western Blotting device. The 
transfer of the proteins was carried out by applying an electric field with a maximum 
voltage of 25 V and a current of 1.5 mA/cm2 (considering the area of the separating 
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gel). The transfer was stopped after 45 min (Tricine SDS-PAGE) or 1 h (SDS-PAGE) 
and the PVDF membranes were allowed to dry. 
 
Transfer buffer: 24.9 mM Tris 
 191.8 mM Glycine 
 0.01 % (w/v) SDS 
 20.0 % (v/v) Methanol 
 
2.6.6 Immunological detection 
Upon electrotransfer of proteins to PVDF membranes, specific proteins could be 
detected immunologically. Therefore, the PVDF membrane was activated by 
incubation in methanol for 1 min, washed twice with TBS-T for 5 min and residual 
protein binding sites of the membrane were blocked by treatment with  
5 % (w/v) nonfat milk powder (dissolved in TBS-T) for 1 h at ambient temperature. 
Subsequently, the blocking solution was discarded and the membrane was incubated 
with the primary antibody (Table 7) for 1 h at room temperature. Non-specifically 
bound antibodies were removed by three washing steps in TBS-T (3 × 10 min) prior 
to applying the secondary antibody solution (Table 7). After 30 min, the secondary 
antibody solution was withdrawn and the membrane was washed again with TBS-T 
(3 × 10 min). Finally, bound antibodies were visualized by the use of Amersham™ 
ECL™ Prime Western Blotting Detection Reagent (GE Healthcare GmbH, Germany) 
according to the manufacturer`s instruction and exposure of autoradiography films. 
 
TBS-T (pH 7.6): 20 mM Tris/HCl 
 137 mM NaCl 
 0.1 % (v/v) Tween® 20 
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2.7 Expression and purification of recombinant proteins 
 
2.7.1 Heterologous expression of recombinant proteins 
 
2.7.1.1 Heterologous expression of recombinant hydrophobins 
Cells of the E. coli strain T7 SHuffle® T7 Express lysY were transformed with 
plasmids encoding recombinant hydrophobins. A single colony of transformants was 
used to inoculate 15 mL LB medium and grown to stationary phase at 30 °C. About 
400 mL of LB medium buffered with 50 mM 3-(N-morpholino)propanesulfonic acid 
(MOPS) were inoculated with 8 mL of the cell suspension and incubated at 30 °C. 
When the cells reached mid-log phase (corresponding to OD600 = 0.4 – 0.6), 
isopropyl-β-D-thiogalactoside (IPTG) was added to a final concentration of 0.4 mM to 
induce the expression of the recombinant hydrophobins. The cells were incubated at 
30 °C for further 4 h. Subsequently, the culture was chilled on ice for 15 min and cells 
were harvested by centrifugation (15,000 × g, 10 min, 4 °C). Cells were washed once 
with cold 50 mM Tris/HCl (pH 7.5) and harvested again under similar conditions. 
Finally, the cells were stored at -20 °C until use for protein purification. 
 
2.7.1.2 Heterologous expression of HA-EGFP 
Cells of E. coli BL21 (DE3) pLysS were transformed with pET23b-HA-EGFP. About 
15 mL LB medium were inoculated with a single colony of transformed cells and 
incubated at 30 °C until cells reached stationary phase. 8 mL of this suspension were 
used to inoculate 400 mL LB medium and cells were grown at 30 °C until mid-log 
phase (corresponding to OD600 = 0.4 – 0.6) was reached. Expression of the  
HA-EGFP gene was induced by adding IPTG to a final concentration of 0.5 mM. After 
further incubation for 4 h at 30 °C, the cell suspension was chilled on ice for 15 min 
and cells were harvested (3,500 × g, 10 min, 4 °C). Cells were washed once with 
PBS, harvested under similar conditions and finally stored at -20 °C until use. 
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2.7.2 Purification of recombinant proteins by Ni2+ affinity chromatography 
 
2.7.2.1 Extraction of recombinant hydrophobins from inclusion bodies 
Extraction of hydrophobins from inclusion bodies was carried out essentially as 
described previously [246]. Briefly, E. coli cells from the main culture expressing 
recombinant hydrophobins (section 2.7.1.1) were thawed on ice and resuspended in 
30 mL cold 50 mM Tris/HCl (pH 7.5) containing protease inhibitors. Cells were 
disrupted by ten sonication steps (1 min, 90 % cycles, 70 % power) in a Sonopuls 
GM2070 ultrasonic homogenizer. Subsequently, lysozyme (2 mg/mL), DNase I 
(0.1 mg/mL), RNase A (0.1 mg/mL) and Benzonase (8 U/mL) were added and the 
suspension was incubated at 37 °C for 20 min. After chilling the suspension on ice for 
15 min, insoluble compounds of the cell lysate (including the recombinant 
hydrophobins in inclusion bodies) were harvested by centrifugation (20,000 × g, 
10 min, 4 °C) and washed twice with cold 50 mM Tris/HCl (pH 7.5). Each washing 
step was followed by centrifugation under similar conditions. 
Hydrophobins were extracted from inclusion bodies by treatment with lysis buffer. 
Therefore, the pelleted insoluble lysate fraction was resuspended in 15 mL lysis 
buffer and incubated for 30 min at ambient temperature followed by centrifugation 
under aforementioned conditions. Urea treatment resulted in solubilization of the 
recombinant hydrophobins that were consequently present in the supernatant upon 
centrifugation. Hydrophobin extraction was carried out three times, the latter two 
extraction steps were performed at 37 °C. The fractions of all three extraction steps 
were pooled, sonicated once under the aforementioned conditions to reduce sample 
viscosity (owing to residual genomic DNA) and finally used for protein purification. 
 
Lysis buffer (pH 8.0): 50 mM KH2PO4 
 50 mM Na2HPO4 
 10 mM Tris/HCl 
 8 M Urea 
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2.7.2.2 Purification of recombinant hydrophobins 
Recombinant hydrophobins were purified by Ni2+ affinity chromatography essentially 
as described previously [146, 246], utilizing the His·Bind® Resin sepharose matrix. 
The sepharose matrix was poured into a Protino® Column and covered with a filter frit 
to avoid matrix disturbance during the protein purification process. Next, the column 
matrix was washed three times with ddH2O prior to adding 15 mL 1 M nickel sulfate 
to load the column with Ni2+ ions. The column was washed again three times with 
ddH2O and at least seven times with lysis buffer. Solubilized hydrophobins  
(section 2.7.2.1) were loaded and allowed to run through the column twice. The 
column was washed sequentially with 100 mL lysis buffer, 100 mL wash buffer A and 
100 mL wash buffer B to remove non-specifically bound proteins. Recombinant 
hydrophobins were eluted from the column by adding 25 mL elution buffer in five 
consecutive steps. The fractions corresponding to the third, fourth and fifth elution 
step, containing the recombinant hydrophobin in sufficient quantity and purity, were 
pooled and concentrated by ultrafiltration. Therefore, Vivaspin 20 ultrafiltration 
columns with a molecular weight cut-off (MWCO) of 5,000 Da were utilized to reduce 
the volume of the pooled eluate fractions to about 3 – 5 mL. 
 
Wash buffer A (pH 6.3): 50 mM KH2PO4 
 50 mM Na2HPO4 
 10 mM Tris/HCl 
 8 M Urea 
 20 mM Imidazole 
 
Wash buffer B (pH 5.9): 50 mM KH2PO4 
 50 mM Na2HPO4 
 10 mM Tris/HCl 
 8 M Urea 
 40 mM Imidazole 
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Elution buffer (pH 4.5): 50 mM KH2PO4 
 50 mM Na2HPO4 
 10 mM Tris/HCl 
 8 M Urea 
 250 mM Imidazole 
 
2.7.2.3 Purification of HA-EGFP 
E. coli cells derived from the main culture expressing the HA-EGFP gene  
(section 2.7.1.2) were thawed on ice, resuspended in 30 mL buffer B and disrupted 
by six sonication steps (1 min, 90 % cycles, 70 % power) using a Sonopuls GM2070 
ultrasonic homogenizer. Subsequently, lysozyme (2 mg/mL), DNase I (0.1 mg/mL), 
RNase A (0.1 mg/mL) and Benzonase (8 U/mL) were added and the suspension was 
incubated for 30 min at 37 °C. After chilling the suspension on ice for 15 min, 
insoluble compounds of the cell lysate were removed by centrifugation (15,000 × g, 
30 min, 4 °C). Recombinant HA-EGFP was found in the soluble lysate fraction and 
could be purified by Ni2+ affinity chromatography. Briefly, His·Bind® Resin was poured 
into a Protino® column, covered with a filter frit and washed three times with ddH2O. 
The column was loaded with Ni2+ ions by adding 15 mL 1 M nickel sulfate prior to 
washing the column three times with ddH2O and at least seven times with buffer B. 
Next, the cell extract containing the recombinant HA-EGFP was allowed to flow 
through the column twice. The column was washed twice with buffer B, twice with 
buffer W1 and twice with buffer W2 subsequently to remove non-specifically bound 
proteins. Finally, recombinant HA-EGFP was eluted from the column by adding 
15 mL buffer E. The entire Ni2+ affinity purification procedure was performed at 4 °C 
to avoid protein degradation. 
 
Buffer B (pH 7.9): 20 mM Tris/HCl 
 500 mM NaCl 
 0.2 % (v/v) Triton X-100 
 5 mM Imidazole 
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Buffer W1 (pH 7.9): 20 mM Tris/HCl 
 500 mM NaCl 
 0.2 % (v/v) Triton X-100 
 20 mM Imidazole 
 
Buffer W2 (pH 7.9): 20 mM Tris/HCl 
 500 mM NaCl 
 0.2 % (v/v) Triton X-100 
 40 mM Imidazole 
 
Buffer E (pH 7.9): 20 mM Tris/HCl 
 500 mM NaCl 
 0.2 % (v/v) Triton X-100 
 1 M Imidazole 
 
2.7.3 Dialysis of purified proteins 
For dialysis of purified proteins, Spectra/Por® 1 Dialysis tubes (6,000 – 8,000 Da 
MWCO) were used. Dialysis tubes were cut into pieces of about 30 cm length and 
boiled in buffer D and 1 mM EDTA (pH 8.0) for 10 min each. Each boiling step was 
followed by excessive rinsing of the dialysis tubes with water. Finally, dialysis tubes 
were stored in 1 mM EDTA (pH 8.0) at 4 °C until use. 
Purified protein fractions were filled into dialysis tubes and the tubes were tightly 
sealed. Recombinant hydrophobins were dialyzed twice for at least 24 h against  
1 L redox-refolding buffer [146] at 4 °C, whereas purified HA-EGFP was dialyzed 
once for at least 24 h against 5 L PBS at 4 °C. Finally, insoluble protein aggregates 
were removed by centrifugation (3,500 × g, 5 min, 4 °C). 
 
Buffer D: 2.0 % (w/v) Sodium carbonate 
 1 mM EDTA 
 
Redox-refolding buffer (pH 5.4): 10 mM Glutathione reduced 
 1 mM Glutathione oxidized 
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2.7.4 Quantification of purified proteins 
The concentration of purified proteins was determined by a modified Bradford assay 
[395]. Therefore, 60 µL of the protein solution or appropriate dilutions (in the 
respective dialysis buffer) were filled into the cavities of a 96-well microplate.  
BSA was used for assay calibration by diluting a BSA stock solution (New England 
Biolabs GmbH, Germany) in the dialysis buffer of the respective purified protein, and 
60 µL of the resulting solutions (corresponding to 0 – 5.5 µg BSA) were similarly filled 
into the cavities of 96-well microplates. Next, 140 µL of Bradford`s reagent were 
added to each well and the microplate was incubated for 5 min at ambient 
temperature in the dark. Finally, absorbance measurements at 595 nm wavelength 
were carried out in a microplate reader. Linear calibration plots obtained from the 
BSA standards were used to evaluate the concentration of the recombinant proteins. 
 
Bradford`s reagent: 100 mg/L Coomassie brilliant blue G-250 
 8.5 % (v/v) Phosphoric acid 
 4.75 % (v/v) Ethanol 
 
 
2.8 Hydrophobin-based surface functionalization 
 
2.8.1 Functionalization of polystyrene surfaces with recombinant hydrophobins 
Purified hydrophobins were diluted in the respective dialysis buffer to a final 
concentration of 2 µM and applied to hydrophobic polystyrene surfaces. About 
100 µL of the hydrophobin solution were used for the functionalization of individual 
cavities of 96-well polystyrene microplates, whereas 500 µL of the hydrophobin 
solution were required to functionalize flat polystyrene supports. Both types of 
polystyrene substrates were incubated for 10 min at 80 °C to allow for hydrophobin 
self-assembly [251, 396, 397]. Subsequently, functionalized substrates were washed 
twice with ddH2O and twice with PBS containing 0.01 % (v/v) Tween
® 20 (PBS-T).  
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2.8.2 Water contact angle measurements 
Flat polystyrene substrates were cut out of sterile Petri dishes and functionalized with 
recombinant hydrophobins (section 2.8.1). Additionally, some functionalized surfaces 
were treated with 2 % (w/v) SDS at 80 °C for 10 min in a water bath to analyze the 
stability of the hydrophobin layers. All functionalized supports were rinsed intensively 
with ddH2O and stored overnight in a desiccator. Water droplets (2 µL ddH2O) were 
placed on functionalized surfaces and contact angles were determined by the Drop 
Shape Analysis System and the accompanying software. Each substrate was 
measured at four to five different spots, and three independent substrates were 
measured for each type of surface functionalization. 
 
2.8.3 Determination of the accessibility of tags fused to recombinant 
hydrophobins 
To evaluate the accessibility of tags fused to the N- or C-terminal end of recombinant 
hydrophobins, individual cavities of 96-well polystyrene microplates were 
functionalized with the recombinant hydrophobins EAS and EAS-α (section 2.8.1) or 
subjected to control treatments with 2 µM BSA, 2 µM lysozyme or water. Residual 
protein binding sites of the polystyrene surfaces were blocked by treatment with 
300 µL 1 % (w/v) BSA in PBS-T for 1 h at ambient temperature. Functionalized 
surfaces were washed twice with 300 µL PBS-T and treated with 100 µL (His)6-tag 
antibody solution (0.1 µg/mL in 0.5 % (w/v) BSA in PBS-T, Table 7) or α-factor 
antibody solution (0.4 µg/mL in 0.5 % (w/v) BSA in PBS-T, Table 7) for 1 h at ambient 
temperature. Subsequently, functionalized surfaces were washed four times with 
300 µL PBS-T and treated with 100 µL of the respective secondary antibody solution 
(1:10,000 in 0.5 % (w/v) BSA in PBS-T, Table 7) for 1 h at room temperature. 
Functionalized surfaces were washed four times with 300 µL PBS-T and twice with 
300 µL 0.1 M sodium acetate (pH 5.2). Secondary antibodies present at the surface 
were quantified by the catalytic activity of the horseradish peroxidase (HRP) linked to 
the secondary antibodies. Therefore, 100 µL ELISA substrate solution were added 
and incubated for 10 min at ambient temperature. Finally, the reaction was stopped 
by adding 100 µL 2 M sulfuric acid and the colorimetric product of the HRP-catalyzed 
reaction was quantified by absorbance measurements at 450 nm wavelength in a 
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microplate reader. The antibody coverage was calculated by normalizing the data to 
the absorbance values obtained for surfaces consisting of EAS-α exclusively  
(100 % antibody coverage). 
 
ELISA substrate solution: 0.1 M Sodium acetate (pH 5.2) 
 0.1 mg/mL 3,3’,5,5’-Tetramethylbenzidine 
 0.01 % (w/v) Hydrogen peroxide 
 
2.8.4 Determination of the pheromone activity of functionalized surfaces 
To assess the pheromone activity of polystyrene surface functionalized with EAS-α, 
pheromone-responsive reporter cells of S. cerevisiae were employed. Therefore, 
15 mL SD medium were inoculated with S. cerevisiae BY4741 Δbar1 FIG1-tRFP and 
incubated at 30 °C for at least 16 h. About 5 mL fresh SD medium were inoculated 
with the yeast cells at an initial cell density of approximately 5 × 106 cells/mL and the 
cell suspensions were filled into small polystyrene Petri dishes (55 mm diameter). 
Some of the Petri dishes were functionalized with the recombinant EAS-α 
hydrophobin (section 2.8.1) in advance. As a positive control, cells transferred to 
unmodified Petri dishes were treated with 1 µM synthetic α-factor. After 8 h of 
incubation at 30 °C, cells were fixed with ethanol (section 2.12.1) and the cellular 
morphology as well as fluorescence were analyzed by flow cytometry (section 2.12.3) 
and fluorescence microscopy (section 2.12.4). 
 
 
2.9 Competitive ELISA 
 
2.9.1 Optimization of the hydrophobin layer composition 
The recombinant hydrophobins EAS and EAS-α were diluted in the respective 
dialysis buffer to a final concentration of 2 µM and the resulting hydrophobin solutions 
were mixed in several different ratios. Individual cavities of 96-well polystyrene 
microplates were functionalized with the resulting solutions containing both 
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recombinant hydrophobins. Residual protein binding sites of the cavities were 
blocked with BSA and functionalized surfaces were treated with the α-factor antibody, 
the secondary antibody and the ELISA substrate solution according to section 2.8.3. 
The antibody coverage was calculated as detailed in section 2.8.3. 
 
2.9.2 Competitive ELISA calibration 
Individual cavities of 96-well polystyrene microplates were functionalized with the 
recombinant hydrophobins EAS and EAS-α in different molar ratios (sections 2.8.1 
and 2.9.1). Residual protein binding sites of the cavities were blocked with BSA and 
the functionalized surfaces were treated with the α-factor antibody as detailed in 
section 2.8.3. Functionalized surfaces were washed four times with 300 µL PBS-T 
prior to adding serial dilutions of the α-factor (0 – 100 µM of the synthetic α-factor 
pheromone diluted in 0.5 % (w/v) BSA in PBS-T). The 96-well plates were incubated 
for 1 h at 40 °C in a water bath to allow for competitive antibody detachment from the 
functionalized surfaces. Next, the functionalized surfaces were washed four times 
with 300 µL PBS-T and subsequent reaction steps (treatment with the secondary 
antibody and the ELISA substrate solution) were carried out as described in section 
2.8.3. The antibody coverage was calculated by data normalization to the 
absorbance values obtained for surfaces not treated with the α-factor pheromone 
(100 % antibody coverage). 
 
2.9.3 Evaluation of the competitive ELISA under varying conditions 
The influence of changes in the sample matrix compositions or varying environmental 
conditions on the competitive ELISA behavior was analyzed by carrying out slightly 
modified competitive ELISA measurements. Therefore, individual cavities of 96-well 
polystyrene microplates were functionalized with recombinant hydrophobins  
(1.6 % EAS-α), residual protein binding sites were blocked with BSA and 
functionalized surfaces were treated with the α-factor antibody according to the 
competitive ELISA protocol (section 2.9.2). The functionalized surfaces were washed 
four times with 300 µL PBS-T and twice using the respective sample matrix buffer 
(Table 18). Functionalized surfaces were treated with 0 µM or 10 µM synthetic  
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α-factor dissolved in 0.5 % (w/v) BSA in the respective sample matrix buffer. 
Microplates were allowed to incubate for 1 h at room temperature (unless otherwise 
indicated). Functionalized surfaces were washed four times with the respective 
sample matrix buffer and twice with PBS-T prior to proceeding with the competitive 
ELISA protocol (secondary antibody treatment and ELISA substrate addition) as 
detailed in section 2.9.2. Data normalization was carried out as described previously 
(section 2.9.2) to calculate the antibody coverage. 
 
Table 18. Composition of the sample matrix buffers used to analyze the behavior of the 
competitive ELISA under varying conditions. 
Parameter Sample matrix buffer 
  
pH 
pH 4.0 – 5.0 50 mM Sodium acetate, 100 mM NaCl,  
0.01 % (v/v) Tween® 20 
  
pH 6.0 – 8.0 50 mM Na2HPO4/NaH2PO4, 100 mM NaCl,  
0.01 % (v/v) Tween® 20 
  
pH 9.0 – 10.0 50 mM Tris/HCl, 100 mM NaCl,  
0.01 % (v/v) Tween® 20 
   
  
Ionic strength 50 mM Na2HPO4/NaH2PO4 (pH 7.5), 0.0 – 0.5 M NaCl, 
0.01 % (v/v) Tween® 20 
  
Detergent concentration 50 mM Na2HPO4/NaH2PO4 (pH 7.5), 100 mM NaCl,  
0.0 – 1.0 % (v/v) Tween® 20 
  
Temperature 50 mM Na2HPO4/NaH2PO4 (pH 7.5), 100 mM NaCl, 
0.01 % (v/v) Tween® 20 
  
Viscosity 50 mM Na2HPO4/NaH2PO4 (pH 7.5), 100 mM NaCl, 
0.01 % (v/v) Tween® 20, 0 – 60 % (w/v) Sucrose 
  
 
2.9.4 Reusability of functionalized surfaces 
To analyze the reusability of functionalized surfaces, individual cavities of 96-well 
polystyrene microplates were functionalized with recombinant hydrophobins  
(1.6 % EAS-α) and competitive ELISA measurements were performed (section 
2.9.2). Upon completion of the absorbance measurements, functionalized surfaces 
were washed three times with 300 µL PBS-T and treated with 300 µL ELISA stripping 
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buffer for 15 min at 55 °C in a water bath to denature the antibodies attached to the 
surface. Subsequently, functionalized surfaces were washed four times with 300 µL 
PBS-T and blocked overnight with 1 % (w/v) BSA in PBS-T at 4 °C. Competitive 
ELISA measurements were carried out the next day, repeatedly using the 
hydrophobin-functionalized surfaces. Hydrophobin-functionalized surfaces were 
reused up to five times. 
 
ELISA stripping buffer (pH 7.0): 50 mM Tris/HCl 
 1.0 % (w/v) SDS 
 50 mM 2-Mercaptoethanol 
 
 
2.10 Inverse ELISA 
 
2.10.1 Inverse ELISA calibration 
Serial dilutions of the synthetic α-factor pheromone, diluted in 0.5 % (w/v) BSA in 
PBS-T, were prepared and the α-factor antibody was added to a final concentration 
of 0.4 µg/mL. The resulting samples were incubated for 2 h at ambient temperature 
under constant rotation (30 rpm) using a rotating wheel. Meanwhile, individual wells 
of 96-well microplates were functionalized with the hydrophobins EAS and EAS-α in 
different molar ratios and residual protein binding sites were blocked with BSA 
according to the competitive ELISA protocol (section 2.9.2). Subsequently, the 
functionalized surfaces were washed twice with 300 µL PBS-T and 100 µL of the  
pre-incubated samples containing the α-factor pheromone and the antibody were 
added. The microplates were incubated for 2 h at 4 °C to allow for attachment of the 
α-factor antibodies to the hydrophobin-functionalized surfaces. Thereafter, the 
functionalized surfaces were washed four times using PBS-T prior to proceeding with 
the secondary antibody treatment and the ELISA substrate solution as detailed in 
section 2.8.3. The antibody coverage was calculated by data normalization to 
absorbance values obtained for surfaces treated with control samples lacking the 
pheromone, i.e. only containing the α-factor antibody (100 % antibody coverage). 
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2.10.2 Evaluation of the inverse ELISA under varying conditions 
To investigate the behavior of the inverse ELISA under varying sample matrix 
conditions, the inverse ELISA protocol was slightly modified. In particular, the buffer 
used for the initial step (pre-incubation of the α-factor antibodies with the synthetic  
α-factor pheromone) was exchanged. Therefore, 100 nM α-factor diluted in 
0.5 % (w/v) BSA in the respective sample matrix buffers (Table 18) were  
pre-incubated with the α-factor antibody and subsequently applied to hydrophobin-
functionalized polystyrene surfaces. For control purposes, functionalized surfaces 
were also treated with samples lacking the pheromone. The remainder of the inverse 
ELISA protocol was carried out as described in section 2.10.1. 
 
2.10.3 Determination of α-factor concentrations in yeast culture supernatants 
Minimal medium was inoculated with wild-type or engineered yeast cells of different 
strains and species at an initial cell density of approximately 5 × 106 cells/mL (using 
appropriate precultures) and further incubated at 30 °C. To determine the 
concentration of the α-factor, a sample of the respective culture was taken at the 
indicated time points and cell-free culture supernatants were obtained by 
centrifugation (5,000 × g, 5 min, 20 °C). Subsequently, 90 µL of the supernatant were 
transferred to a new vial and ethylene glycol tetraacetic acid (EGTA) and Tris/HCl 
(pH 8.0) were added to final concentrations of 10 mM and 200 mM, respectively. The 
addition of EGTA as a calcium-chelating agent was mandatory to minimize 
precipitate formation when adjusting the pH of the supernatant by Tris/HCl addition. 
Protease inhibitors were added and the samples were stored at -20 °C until use. 
Finally, the α-factor antibody was added to a final concentration of 0.4 µg/mL and the 
resulting samples (100 µL) were used to carry out inverse ELISA measurements as 
described previously (section 2.10.1). 
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2.11 Evaluation of the heterologous expression of the yeast α-factor 
pheromone in S. pombe  
 
2.11.1 Preparation of culture supernatants of engineered S. pombe cells 
S. pombe HE620 was transformed with plasmids containing pheromone precursor 
genes to confer the synthesis and secretion of the S. cerevisiae α-factor pheromone. 
Likewise, the empty vector was transformed into S. pombe HE620 for control 
purposes. EMM was inoculated with the plasmid-carrying S. pombe cells adjusting an 
initial cell density of approximately 2 × 106 cells/mL and the cells were grown for 24 h 
at 30 °C to allow for accumulation of the α-factor pheromone in the culture 
supernatants. Finally, cell-free culture supernatants of the S. pombe cultures were 
obtained by centrifugation (10,000 × g, 10 min, 20 °C)  
 
2.11.2 Transfer of pheromone-responsive S. cerevisiae reporter cells into  
cell-free culture supernatants 
To assess the presence of the α-factor pheromone in cell-free culture supernatants of 
S. pombe cells (section 2.11.1), pheromone-responsive reporter cells of S. cerevisiae 
were utilized. EMM was inoculated with the reporter cells at an initial cell density of 
approximately 2 × 106 cells/mL and the reporter cells grown for 24 h at 30 °C. 
Subsequently, the reporter cells were transferred into the cell-free culture 
supernatants of S. pombe cells (section 2.11.1) at an initial cell density of 
approximately 2 × 106 cells/mL. Essential supplements required for growth of the  
S. cerevisiae reporter cells were added and the cell suspensions were incubated at 
30 °C for up to 24 h. 
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2.12 Assessment of S. cerevisiae pheromone response 
 
2.12.1 Ethanol-fixation and rehydration of yeast cells 
Ethanol-fixation of yeast cells was carried out essentially as described previously 
[398]. Briefly, at least 2 × 106 yeast cells were harvested from respective cell 
suspensions by centrifugation (3,500 × g, 5 min, 4 °C), resuspended in 1 mL ddH2O 
and harvested again under similar conditions. Subsequently, the cells were 
resuspended in 300 µL ddH2O prior to slowly adding 700 µL ethanol (-20 °C) under 
constant shaking (1000 rpm). The cells were fixed at -20 °C for at least 12 h. 
The cell size and the fluorescence of fixed cells were analyzed by flow cytometry 
(section 2.12.3) and fluorescence microscopy (section 2.12.4). To this end, fixed cells 
had to be rehydrated prior to analysis. Fixed cells were harvested under the 
aforementioned conditions, washed once with 1 mL PBS and harvested again under 
similar conditions. Finally, the cells were suspended in 1 mL PBS and incubated for 
at least 14 h at 4 °C under constant rotation (30 rpm). 
 
2.12.2 Cell cycle analysis 
Cell cycle analysis was carried out essentially as described previously [398, 399]. 
About 2 × 106 cells were harvested from respective cultures and fixed with ethanol 
(section 2.12.1). Ethanol-fixed cells were harvested (3,500 × g, 5 min, 4 °C), washed 
once in PI buffer and harvested again under similar conditions. Subsequently, the 
cells were resuspended in 500 µL PI buffer containing 0.2 mg/mL RNase A and 
incubated for 4 h at 37 °C. The cells were harvested again under aforementioned 
conditions and suspended in 500 µL PI buffer containing 1 mg/mL proteinase K. After 
further incubation for 20 min at 37 °C, the fixed cells were harvested again. 
Quantitative DNA staining was achieved by propidium iodide, a commonly used DNA 
intercalating dye. Therefore, the cells were finally resuspended in 500 µL PI buffer 
containing 0.2 µg/mL propidium iodide and incubated at 4 °C for at least 14 h under 
constant rotation (30 rpm) in dark vials. Cell cycle analysis was carried out by flow 
cytometry as detailed in the section 2.12.3. 
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PI buffer (pH 6.8): 200 mM Tris/HCl 
 50 mM EDTA 
 
2.12.3 Flow cytometry 
Ethanol-fixed cells were rehydrated (section 2.12.1) or stained with propidium iodide 
(section 2.12.2) for cell cycle analysis. Cell suspensions were briefly sonicated  
(30 s, 50 % cycles, 70 % power) using a Sonopuls GM2070 ultrasonic homogenizer 
prior to flow cytometry to disperse cell aggregates resulting from ethanol-fixation. 
Subsequently, the cell suspensions were diluted in Sheath Fluid and flow cytometry 
was carried out using a CyFlow® SL and the accompanying software. The instrument 
was equipped with a solid state laser (50 mW) emitting light at a wavelength of 
488 nm. Cell size distribution was determined by analyzing the Forward Scatter 
(FSC) signals recorded using a band pass filter (IBP 488 D) and appropriate channel 
settings (Table 19). Red fluorescence, resulting from the expression of a fluorescent 
protein or from propidium iodide staining (section 2.12.2), was quantitatively analyzed 
in the FL2 channel by the use of a band pass filter (IBP 590 DF 50) and appropriate 
channel settings (Table 19). At least 20,000 cells were analyzed for each sample 
using a constant sample speed of 2 µL/s. 
 
Table 19. Channel settings for flow cytometry experiments using a CyFlow
®
 SL instrument. 
Channel Gain Lower limit (L-L) Upper Limit (U-L) Amplification 
     
FSC 100 36 999.9 log4 
     
FL2 560 10 999.9 log3 
     
 
2.12.4 Fluorescence microscopy 
Ethanol-fixed cells were rehydrated (section 2.12.1) and analyzed by fluorescence 
microscopy to assess the cellular morphology and the expression of reporter genes 
encoding fluorescent proteins. To this end, an Axio Observer.Z1 fluorescence 
microscope was used. Brightfield images were obtained by differential interference 
contrast (DIC) microscopy using a 63 × objective (LCI Plan-Neofluar 63 ×/1.30 Imm 
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Korr DIC M27) and white light illumination. Fluorescence images were obtained using 
the same objective and appropriate optical filters (BP 550/25 and BP 605/70 for 
excitation and emission, respectively). Images were captured using an AxioCam Mrm 
camera and further processed by the use of ZEN 2012 blue edition software. 
 
 
2.13 Software and databases 
Table 20. Software and databases used in this study. 
Software/database Application Reference 
   
Alpha Ease FC™ 
Software (4.0.1) 
UV Transilluminator 
instrument control and 
data acquisition 
Biozym Scientific GmbH 
(Germany) 
   
Antibody Epitope 
Prediction 
Prediction of putative 
epitopes 
http://tools.immuneepitope.org/ 
tools/bcell 
   
AxioVision (4.8.2) Fluorescence microscope 
control and data 
acquisition 
Carl Zeiss Microscopy GmbH 
(Germany) 
   
BioEdit Sequence 
Alignment Editor 
(7.0.9.0) 
Alignments of DNA 
sequences 
[400] 
   
ChemStation for LC 
3D systems 
(B.04.01 SP1) 
HPLC instrument control, 
data acquisition and 
analysis 
Agilent Technologies GmbH 
(Germany) 
   
Drop Shape 
Analysis Software 
(1.51.0.26) 
Water contact angle 
measurement device 
control and data 
acquisition 
Kruess GmbH (Germany) 
   
ExPASy Compute 
pI/Mw 
Calculation of protein 
molecular weight and 
isoelectric point 
http://web.expasy.org/ 
compute_pi/ 
   
FloMax (2.52) Flow cytometer instrument 
control and data 
acquisition 
Partec GmbH (Germany) 
   
HomoloGene Search for homologous 
genes 
http://www.ncbi.nlm.nih.gov/ 
homologene 
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Table 20 (continued). 
Software/database Application Reference 
   
i-control™ Microplate reader 
instrument control and 
data acquisition 
Tecan Group Ltd. (Switzerland) 
   
PomBase Nucleic acid and protein 
information for S. pombe 
http://www.pombase.org/ 
   
PubMed Literature research http://www.ncbi.nlm.nih.gov/pu
bmed/ 
   
Saccharomyces 
Genome Database 
Nucleic acid and protein 
information for  
S. cerevisiae 
http://www.yeastgenome.org/ 
   
Vector NTI (3.1) Calculation of melting 
temperatures of DNA 
oligonucleotides 
InforMax Inc. (USA) 
   
ZEN 2012 blue 
edition (1.1.2.0) 
Processing of microscope 
images 
Carl Zeiss Microscopy GmbH 
(Germany) 
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3 Results 
 
 
This study aimed at the development of a novel immunoassay for the detection and 
quantification of the yeast α-factor pheromone, which in combination with genetically 
engineered sensor cells could allow for the creation of a whole-cell sensor read-out 
based on the secreted peptide pheromone (section 1.4). The desired immunoassay 
relied on the immobilization of the α-factor at the surface of a transducer, allowing for 
subsequent attachment of α-factor antibodies to the functionalized surface. The 
presence of additional pheromone in the vicinity of the engineered surface, resulting 
from the secretion of the α-factor by engineered sensor cells, was expected to cause 
competitive detachment of the antibodies. Antibody detachment might be detected by 
the use of appropriate transducer elements (section 1.4). 
Evidently, immobilization of the α-factor at the transducer surface represented the 
most critical step: the pheromone has to be immobilized in a defined density while 
guaranteeing accessibility of the pheromone to cognate antibodies. Two recombinant 
hydrophobins, one of them engineered to expose the pheromone, were applied to 
obtain functionalized surfaces with these characteristics. The first section of this 
chapter (section 3.1) covers the design and purification of the recombinant 
hydrophobins as well as the characterization of hydrophobin-functionalized surfaces, 
while subsequent sections focus on the implementation and characterization of novel 
immunoassays for the α-factor pheromone (sections 3.2 and 3.3) as well as their 
application to study the pheromone secretion of wild-type and engineered yeast cells 
of S. cerevisiae (section 3.4) and S. pombe (section 3.5). Finally, the immunoassays 
were combined with engineered sensor cells to yield a proof-of-concept whole-cell 
biosensor (section 3.6.1). In addition, the versatility of the hydrophobin-based surface 
engineering for the development of immunoassays for a variety of analytes was 
investigated (section 3.6.2). 
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3.1 Functionalization of hydrophobic surfaces with recombinant 
hydrophobins 
 
3.1.1 Cloning, expression and purification of recombinant hydrophobins 
Recombinant hydrophobins were obtained by heterologous expression in E. coli and 
subsequent purification via Ni2+ affinity chromatography. To this end, the sequence of 
the class I hydrophobin EAS from N. crassa, lacking its N-terminal signal sequence, 
was cloned into the vector pET28b. Authentic hydrophobins are secreted into the 
extracellular environment and therefore possess an N-terminal hydrophobic signal 
sequence that mediates targeting to the ER [129-135]. As the signal peptide is 
cleaved off in the ER, it is dispensable for hydrophobin folding and trafficking of the 
mature hydrophobin through the secretory pathway. Thus, the DNA sequence 
encoding the signal sequence was omitted in the ORFs of the recombinant 
hydrophobins employed in this study. The respective sequence was inserted 3’ of the 
sequence encoding the (His)6-tag and a thrombin cleavage site, giving rise to 
pET28b-EAS. Additionally, the sequences encoding a highly flexible (GGGGS)3 linker 
element as well as the S. cerevisiae α-factor were codon-optimized for the 
expression in E. coli [401] and inserted 3’ of the sequence encoding the EAS 
hydrophobin, resulting in pET28b-EAS-α. Both recombinant hydrophobins are 
schematically illustrated in Figure 4 a, and the DNA and amino acid sequences 
corresponding to EAS and EAS-α are depicted in Appendix A.1 and A.2. 
EAS and EAS-α were expressed in E. coli and subsequently purified by the use of 
their N-terminal (His)6-tag. For this purpose, the expression vectors pET28b-EAS and 
pET28b-EAS-α were transformed into E. coli strain T7 SHuffle® lysY and expression 
of the recombinant hydrophobin genes was induced by addition of IPTG  
(section 2.7.1.1). This strain was selected as it promotes the intracellular formation of 
disulfide bonds, due to a deletion in thioredoxin reductase (ΔtrxB) and glutathione 
oxidoreductase (Δgor) [402]. The presence of four intramolecular disulfide bonds is a 
hallmark feature of all hydrophobins [129-135]. These intramolecular bonds are of 
crucial importance to stabilize the soluble state of hydrophobins by preventing their 
premature aggregation in the absence of a hydrophilic-hydrophobic interface 
[403, 404]. Upon cell lysis and centrifugation, both recombinant hydrophobins were 
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found in the pellet fraction (data not shown), most likely due to the formation of 
inclusion bodies in the E. coli host. However, the hydrophobins could be efficiently 
solubilized by application of 8 M urea and subsequently purified by Ni2+ affinity 
chromatography, taking use of the N-terminal (His)6-tag (section 2.7.2). Purified 
hydrophobins were subjected to high-resolution Tricine SDS-PAGE to analyze 
protein purity and integrity (Figure 4 b). 
Figure 4. Design and purification of recombinant hydrophobins. (a) Schematic illustration of the 
recombinant hydrophobins EAS and EAS-α. Both proteins included an N-terminal (His)6-tag and the 
sequence of the mature EAS hydrophobin. Additionally, EAS-α harbored a flexible (GGGGS)3 linker 
element and the sequence of the yeast α-factor at its C-terminus. (b) Electrophoretic separation of the 
recombinant hydrophobins by Tricine SDS-PAGE. A fraction of the purified proteins, corresponding to 
3 µg, was separated and proteins were visualized by colloidal Coomassie staining or transferred to 
PVDF membranes and probed with the indicated antibodies. 
 
Upon electrophoretic separation and visualization by Coomassie staining, a 
predominant signal in accordance with the calculated molecular weight of both 
hydrophobins (10.4 kDa and 13.3 kDa for EAS and EAS-α, respectively [405]), was 
observed. Except for a faint signal, most likely representing dimers of the 
hydrophobins, additional bands were barely visible, indicating a high degree of purity 
and stability of recombinant hydrophobins (Figure 4 b). The presence of a single 
predominant protein representing intact hydrophobins is in line with the exceptionally 
high stability of hydrophobins [292, 406, 407]. Dimer formation, even upon separation 
in SDS-PAGE, was previously observed for numerous hydrophobins [159, 214, 215, 
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227, 232, 307, 408-411]. However, it should be noted that the mature EAS 
hydrophobin was reported to be monomeric in solution [161, 164]. Although an 
influence of the N- and C-terminal hydrophobin modification could not be excluded, 
dimer formation might also result from non-specific EAS aggregation as a 
consequence of incomplete disulfide bond formation upon expression in E. coli. 
Since solubility depends on proper formation of disulfide bonds [403, 404], impaired 
formation might cause protein aggregation. A previous study also suggested that 
non-specific protein aggregation, mediated by a flexible loop region of the EAS 
hydrophobin, occurred at lower temperatures [148]. Thus, storage of the purified 
proteins at 4 °C might have similarly contributed to the formation of dimers and 
aggregates. 
Both proteins could be detected immunologically by the use of antibodies directed 
against the (His)6-tag, whereas EAS-α was additionally detected by the use of  
α-factor antibodies (Figure 4 b). Immunological detection thus revealed that the 
antigenic properties of the α-factor were not affected by the fusion to the 
hydrophobin, allowing for specific binding of the antibody to the fusion protein. This 
was of crucial importance to attach α-factor antibodies to a functionalized surface and 
hence to establish an immunoassay. Taken together, these results indicated that 
both EAS and EAS-α were successfully cloned, expressed and purified as an 
important prerequisite for hydrophobin-based surface functionalization. 
 
3.1.2 Characterization of functionalized polystyrene surfaces 
 
3.1.2.1 Analysis of surface wettability 
For the implementation of the α-factor immunoassay, it was mandatory to obtain 
surfaces functionalized with the recombinant hydrophobins. Due to their amphipathic 
structure, hydrophobins are known to reverse the wettability of solid substrates upon 
self-assembly [129-135]. Therefore, the surface activity and self-assembling 
properties of the purified proteins were evaluated by water contact angle 
measurements (section 2.8.2). Hydrophobins were allowed to self-assemble on 
hydrophobic polystyrene supports (section 2.8.1) and water contact angle 
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measurements were performed (Figure 5). Self-assembly of the recombinant 
hydrophobins was carried out at 80 °C since hydrophobin layers are more densely 
packed when self-assembled at elevated temperatures [251, 396, 397]. 
Figure 5. Water contact angle measurements of bare and hydrophobin-functionalized 
polystyrene surfaces. Polystyrene substrates were functionalized with the recombinant hydrophobins 
EAS or EAS-α and the hydrophobicity of the surfaces was assessed by water contact angle 
measurements (images and upper panel). In order to evaluate the stability of the hydrophobin layers, 
some of the functionalized surfaces were treated with 2 % (w/v) SDS at 80 °C for 10 min prior to 
contact angle measurement (lower panel). Mean values and standard deviation are given. 
 
Unmodified polystyrene proved to be hydrophobic, showing a water contact angle of 
85.5 ± 2.3°, whereas functionalization of the polystyrene surfaces with recombinant 
hydrophobins clearly increased the wettability of the surfaces (Figure 5). The water 
contact angles of surfaces functionalized with EAS and EAS-α (53.0 ± 5.0° and 
53.6 ± 5.5°, respectively) were similar to the values reported previously for EASΔ15, 
a derivative of EAS lacking 15 amino acids in a flexible loop region (56.0 ± 10.9° 
[164]). However, it should be noted that there are large differences in the water 
contact angles reported for EAS monolayers on hydrophobic substrates, given that 
the values differ between 16.6° [294], 69.2° [155] and 73.7° [147]. In summary, water 
contact angle measurements unambiguously demonstrated that EAS and EAS-α 
were able to self-assemble at hydrophobic polystyrene and to reverse its wettability. 
Polystyrene 
85.5° ± 2.3° 
n = 13 
 
EAS/polystyrene 
53.0° ± 5.0° 
n = 15 
 
EAS-α/polystyrene 
53.6° ± 5.5° 
n = 15 
87.0° ± 1.4° 
n = 15 
72.0° ± 3.4° 
n = 15 
75.5° ± 3.2° 
n = 14 
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In contrast, polystyrene surfaces functionalized with BSA only showed a slight 
decrease in water contact angle (76.1 ± 4.0°, data not shown). 
It was found that 2 µM of both hydrophobins were sufficient to functionalize the 
polystyrene substrates (data not shown). Higher concentrations of the hydrophobins 
did not result in further reduction of the contact angle, indicating that the binding sites 
at the surface might have been saturated. This was consistent with a previous study 
utilizing the class II hydrophobin HFBI fused to avidin, demonstrating by QCM 
measurements that 1.3 µM of the fusion protein were sufficient to saturate all binding 
sites at a polystyrene surface [268]. Additionally, previous studies revealed that the 
amount of hydrophobins adsorbed to a surface does not depend on the hydrophobin 
concentration above a certain threshold [169, 255]. Thus, the surface activity of the 
recombinant hydrophobins EAS and EAS-α was comparable to other hydrophobins. 
Class I hydrophobins self-assemble into highly robust monolayers that are able to 
withstand harsh conditions. Only treatment with 100 % TFA or 100 % formic acid has 
been reported to effectively dissolve these layers [129-135]. Class I hydrophobin 
layers are known to resist hot SDS treatment whereas class II hydrophobin layers 
dissociate under these conditions. Therefore, the stability of the hydrophobin layers 
was evaluated by treatment of the functionalized surface with 2 % (w/v) SDS for 
10 min at 80 °C. 
Upon treatment of the functionalized surfaces with hot SDS, the water contact angle 
slightly increased to 72.0 ± 3.4° and 75.5 ± 3.2°, respectively, for substrates 
functionalized with EAS and EAS-α (Figure 5). This might result from partial 
extraction of the hydrophobins as observed for several class I hydrophobin layers 
treated with hot SDS [158, 213, 251, 257, 263, 280, 331, 396, 412-416]. However, 
the contact angles were still clearly reduced in comparison to unmodified polystyrene, 
indicating that the majority of the hydrophobins remained at the substrate. Taken 
together, these data indicated that the recombinant hydrophobins EAS and EAS-α 
displayed surface activity and self-assembly behavior similar to previously 
characterized class I hydrophobins. 
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3.1.2.2 Accessibility of peptide tags fused to recombinant hydrophobins 
As a prerequisite for the implementation of an immunoassay for the α-factor utilizing 
hydrophobin-based surface functionalization, it was essential to prove that the  
α-factor is exposed at the functionalized surface. As shown above, the α-factor 
antibody recognized the fusion protein of the α-factor and the recombinant EAS-α 
hydrophobin (Figure 4 b). However, this finding was obtained upon electrophoretic 
separation under denaturing conditions that may affect the structure of the 
recombinant hydrophobin. Thus, it was of utmost importance to show that the  
α-factor was also exposed at a functionalized surface to provide accessible binding 
sites for cognate antibodies. 
In order to evaluate the accessibility of peptide tags fused to the N-terminus and the 
C-terminus of EAS, a novel immunoassay was developed (section 2.8.3). First, 
hydrophobic polystyrene surfaces were functionalized with EAS, EAS-α or control 
proteins (BSA or lysozyme) and residual binding sites were blocked with BSA. 
Second, antibodies directed against the (His)6-tag (fused to the N-terminus of both 
recombinant hydrophobins) or the α-factor (fused to the C-terminus of EAS-α) were 
applied to the functionalized surfaces, allowing for their attachment if their target 
epitope was accessible at the functionalized surface. The amount of bound 
antibodies was determined by the use of a secondary antibody linked to the HRP. 
Upon addition of suitable substrates, HRP catalyzes a colorimetric reaction that can 
be quantified by absorbance measurements. Absorbance values were normalized to 
surfaces consisting of 100 % EAS-α by calculating the antibody coverage of a 
specifically functionalized surface according to the equation: 
 
Antibody coverage = 
Absorbance value (functionalized surface) 
Absorbance value (100 % EAS-α)
 
 
The entire setup for evaluating peptide tag accessibility is depicted in Figure 6 a. 
Comparable approaches have been used previously to prove the presence of 
hydrophobins on various substrates [248, 396, 417]. 
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Figure 6: Analysis of the accessibility of peptide tags fused to the N-terminus or the C-terminus 
of EAS hydrophobin. (a) Schematic illustration of the immunoassay to determine the accessibility of 
peptide tags fused to the recombinant hydrophobins for cognate antibodies. Hydrophobic polystyrene 
substrates (gray) were functionalized with the recombinant hydrophobins EAS (orange) and EAS-α 
(blue) and treated with antibodies specific for the α-factor (black Y-shaped structures) or the (His)6-tag 
(not shown). Bound antibodies were detected by the use of a secondary antibody (red Y-shaped 
structures) linked to HRP (yellow) that catalyzed a colorimetric reaction to quantify the antibody 
coverage. (b) Antibody coverage of surfaces functionalized with EAS, EAS-α or control proteins  
(BSA, lysozyme) determined by the use of the (His)6-tag antibody. Data were normalized to surfaces 
consisting of EAS-α. (c) Antibody coverage for functionalized surfaces measured by employing the  
α-factor antibody. Data were normalized to surfaces consisting of EAS-α. All plotted values correspond 
to triplicate measurements of at least two independent experiments. Error bars indicate standard 
deviation. 
 
The immunoassays strongly suggested that both the (His)6-tag and the α-factor were 
exposed at the surface upon functionalization with the recombinant hydrophobins. 
Utilizing the (His)6-tag antibody, high antibody coverage values were obtained when 
surfaces were functionalized with EAS or EAS-α whereas treatment with water or 
control proteins such as BSA or lysozyme resulted in low background signals  
(Figure 6 b). Surprisingly, polystyrene surfaces functionalized with lysozyme 
exhibited intermediate antibody coverage (37.5 % of the antibody coverage obtained 
with EAS-α). As histidine-rich stretches are not present in the primary structure of 
lysozyme (data not shown), this signal might have resulted from non-specific 
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interaction of the antibody with lysozyme-treated surfaces. Importantly, the values 
obtained for surfaces functionalized with EAS and EAS-α were very similar, indicating 
that both hydrophobins have self-assembled with a comparable packing density 
(Figure 6 b). In contrast, the α-factor antibody specifically bound to surfaces 
functionalized with EAS-α, while negligible signals were obtained for surfaces 
functionalized with control proteins (Figure 6 c). Similarly, polystyrene surfaces 
functionalized with the bare synthetic α-factor yielded only about 20 % of the antibody 
coverage obtained for EAS-α (data not shown), clearly underscoring the benefit of 
hydrophobin-based surface engineering. Notably, surfaces functionalized with  
100 % EAS (lacking the pheromone tag) resulted in remarkably high antibody 
coverage values using the α-factor antibody, yielding 15.0 ± 3.6 % of the antibody 
coverage obtained for EAS-α (Figure 6 c). Most likely, this result reflected  
non-specific, predominantly ionic interactions between immunoglobulin G (IgG) 
antibodies and hydrophobin layers reported previously [280-282].  
 
3.1.2.3 Analysis of pheromone activity of functionalized surfaces 
Next, the pheromone activity of hydrophobic surface functionalized with EAS-α was 
evaluated (section 2.8.4). Given that the α-factor was accessible at the functionalized 
surfaces for cognate antibodies, it was of interest to analyze if the immobilized 
pheromone could elicit a pheromone response in yeast. To assess the pheromone 
activity of functionalized surfaces, pheromone-responsive yeast reporter cells (strain 
BY4741 Δbar1 FIG1-tRFP) were employed. Due to a deletion of the BAR1 gene, 
encoding an extracellular protease cleaving the α-factor [370], the reporter cells were 
20-fold more sensitive towards the α-factor than isogenic wild-type cells [418]. 
Additionally, the reporter cells carried the ORF encoding turbo red fluorescent protein 
(tRFP) under transcriptional control of the FIG1 promoter that is almost 100-fold 
upregulated within 20 min after perception of the α-factor pheromone [357]. Hence, 
the reporter cells intracellularly accumulated tRFP, allowing for simple and 
quantitative read-out of the yeast pheromone response. 
To determine the pheromone activity of the EAS-α hydrophobin layers, polystyrene 
petri dishes were functionalized with EAS-α and the reporter cells were grown in 
these petri dishes at 30 °C for 8 h without shaking. Finally, the pheromone response 
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was analyzed by flow cytometry (section 2.12.3), allowing for a rapid and quantitative 
analysis of a large population of cells. Flow cytometry results were confirmed 
qualitatively by fluorescence microscopy (section 2.12.4). For comparison, reporter 
cells were also grown on unmodified polystyrene surfaces in the presence or 
absence of synthetic α-factor (Figure 7). 
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Figure 7. Assessment of the α-factor activity of surfaces functionalized with EAS-α by the use 
of pheromone-responsive S. cerevisiae reporter cells. Reporter cells of S. cerevisiae BY4741 
Δbar1 FIG1-tRFP were grown in SD medium in a polystyrene dish functionalized with EAS-α. For 
control purposes, reporter cells were also grown in unmodified polystyrene dishes in the presence or 
absence of synthetic α-factor. Reporter cells were fixed after 8 h of incubation at 30 °C and cellular 
morphology as well as tRFP expression were analyzed by flow cytometry and fluorescence 
microscopy. Scale bars in microscopic images represent 10 µm. 
 
In the absence of the synthetic α-factor, reporter cells exhibited the characteristics of 
vegetatively growing yeast cells (Figure 7, upper panel). A narrow size distribution of 
individual cells (quantified by the FSC measurements) was observed by flow 
cytometry, and only a minor fraction of the reporter cells (about 0.3 %) exhibited 
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measurable fluorescence. These data were confirmed by brightfield and fluorescence 
microscopy, since the characteristic morphology of growing yeast cells (including 
budding cells) was evident, but fluorescent cells could not be detected. In contrast, 
when reporter cells were treated with the synthetic α-factor for 8 h, a clearly altered 
cellular morphology was observed (Figure 7, middle panel). These cells formed 
mating projections, as evidenced by the broad size distribution in FSC measurements 
and the shmoo phenotype seen in brightfield microscopy. Some of the cells even 
exhibited multiple shmoo tips, a phenomenon frequently observed when high 
pheromone concentrations are applied in a uniform manner (i.e. in the absence of a 
pheromone gradient [419]). Additionally, the pheromone-dependent expression of 
tRFP was confirmed by flow cytometry with about 90 % of the cells showing 
fluorescence. Fluorescence microscopy revealed that the intracellular distribution of 
tRFP was not homogeneous and a rather speckled fluorescence pattern was 
observed. This may be caused by ethanol fixation and rehydration prior to flow 
cytometry and microscopy, as unfixed cells showed a rather homogeneous 
fluorescence distribution (data not shown). However, neither qualitative nor 
quantitative differences in size distribution or fluorescence of fixed and unfixed cells 
were observed. As indicated by the broad distribution in FL2, the deviation between 
individual cells regarding the expression of tRFP was relatively large, reflecting 
significant cell-to-cell variation in pheromone response as observed previously 
[420, 421]. 
When pheromone-responsive cells were grown on surfaces functionalized with  
EAS-α, their phenotype was indistinguishable from vegetatively growing cells in the 
absence of the pheromone, indicating that these cells did not undergo pheromone 
response (Figure 7, lower panel). The presence of vegetatively growing cells, 
however, confirmed that hydrophobin-functionalized surfaces did not exert cytotoxic 
effects [224, 248-253, 282, 290-294]. Apparently, there is a lack of correlation 
between the pheromone activity and the accessibility of the α-factor for cognate 
antibodies, most likely reflecting different recognition mechanisms of the pheromone 
receptor and the pheromone antibody (section 4.1.4). Steric effects might have 
contributed to the lack of pheromone activity of these surfaces, as yeast cells are 
surrounded by a rigid cell wall that pheromone molecules need to pass in order to be 
recognized by the pheromone receptor embedded in the plasma membrane. 
However, even yeast cells lacking the cell wall due to in vitro enzymatic degradation 
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did not undergo pheromone response when grown on EAS-α functionalized surfaces 
(Appendix B.1), indicating that additional effects rendered the α-factor exposed at the 
surface inactive (section 4.1.4). 
 
 
3.2 Pheromone quantification by competitive ELISA measurements 
 
3.2.1 Design and concept of the competitive ELISA 
In order to quantify the α-factor pheromone by the use of the hydrophobin-based 
surface engineering technique, a novel immunoassay was developed (Figure 8). 
First, individual cavities of 96-well polystyrene microplates were functionalized with 
the recombinant hydrophobins EAS and EAS-α in different molar ratios  
(section 3.2.2) and residual protein binding sites of the wells were blocked with BSA. 
Subsequently, the α-factor antibody was allowed to specifically attach to the surface 
via binding to the immobilized α-factor (i.e. via binding to EAS-α). Application of a 
sample containing the α-factor pheromone was expected to trigger a competition 
between the soluble and the surface-immobilized α-factor, ultimately resulting in 
competitive detachment of the antibodies from the functionalized surface. Detached 
antibodies and dissolved α-factor were removed by extensive washing of the surface, 
while antibodies that were still bound to the surface were quantified by use of a 
secondary antibody linked to HRP. Thus, by competitively displacing antibodies from 
the functionalized surface, the concentration of the α-factor in the sample can be 
determined. As this immunoassay was closely related to the ELISA protocol and 
relied on competitive antibody detachment, this assay is referred to as competitive 
ELISA throughout this study.  
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Figure 8. Schematic illustration of the concept of the competitive ELISA. First, hydrophobic 
polystyrene surfaces (gray) were functionalized with recombinant hydrophobins EAS (orange) and 
EAS-α (blue) in different molar ratios, and α-factor antibodies (black Y-shaped structures) were 
allowed to attach to the functionalized surfaces (left panel). Second, samples containing the α-factor 
(small blue spheres) were applied directly to the functionalized surfaces (middle panel). Due to the 
presence of dissolved α-factor in the close proximity of the functionalized surfaces, competition 
between the soluble and the surface-immobilized α-factor (via EAS-α) was triggered, resulting in 
competitive detachment of antibodies (right panel). 
 
Comparable immunoassays, although using alternative methods to immobilize the 
target at the surface, have been used previously for the quantitative assessment of 
various analytes, including peptides present in the coating of the malaria parasite 
[422], disease biomarkers [423] or explosives [14]. 
 
3.2.2 Optimization of the hydrophobin layer composition 
In order to yield a highly sensitive immunoassay for the detection and quantification 
of α-factor pheromone, hydrophobin-based surface functionalization required further 
optimization, in particular regarding the composition of the hydrophobin monolayer. 
Water contact angle measurements revealed that the formation and stability of mixed 
layers of EAS and EAS-α were indistinguishable to hydrophobin layers consisting 
exclusively of either hydrophobin, indicating that EAS and EAS-α can co-assemble 
into a mixed hydrophobin monolayer (data not shown). Therefore, the monolayer 
composition could be optimized by considering maximum antibody coverage and the 
Surface functionalization
Antibody immobilization
Addition of dissolved
α-factor
Competitive antibody
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sensitivity of the immunoassay (Figure 9 a), following a proposal by Reimhult and 
Höök [12] that simple maximization of the density of immobilized recognition 
elements (i.e. the EAS-α content in this study) is not recommended. As steric 
hindrance or mutual interactions between individual recognition elements may affect 
the bioassay performance, optimization of the density of immobilized recognition 
elements might considerably enhance the sensitivity [12].  
An ideal hydrophobin-based surface functionalization should allow for the specific 
attachment of a high number of α-factor antibodies per surface area (high antibody 
coverage, Figure 9 a). High antibody coverage was desirable as it determined the 
maximum signal intensity. Therefore, a high number of antibody binding sites at the 
surface (i.e. high EAS-α content of the monolayer) would be advantageous to 
maximize the attainable signal, although steric hindrance may prevent that all of the 
binding sites exposed at the surface can be occupied by an antibody. On the other 
hand, the competitive ELISA was based on competitive antibody detachment from 
the surface. Hence, excess of antibody binding sites at the functionalized surface 
should be avoided, given that these binding sites were expected to influence the 
competition and, consequently, to lower the sensitivity of the assay. Therefore, a 
rather low number of antibody binding sites (i.e. low EAS-α content of the monolayer) 
was desirable to obtain functionalized surfaces with the highest sensitivity. The 
optimized surface composition would thus allow for high antibody coverage with a 
minimum of binding sites present at the surface (Figure 9 a). 
In order to identify the ideal surface composition, the recombinant hydrophobins EAS 
and EAS-α were mixed in several different molar ratios and used to functionalize 
polystyrene surfaces. These surfaces were treated with the α-factor antibody and a 
HRP-linked secondary antibody subsequently to determine the maximum antibody 
coverage (section 2.9.1, Figure 9 b,c). As can be deduced from the almost horizontal 
curve in Figure 9 b, the effect of the EAS-α content on the antibody coverage was 
barely visible within a wide range of EAS-α contents. Only within a narrow range of 
EAS-α concentrations (up to 2.0 % EAS-α), an obvious increase of the antibody 
coverage with an increasing EAS-α content of the mixed hydrophobin layer was 
observed (Figure 9 c).  
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Figure 9. Optimization of the hydrophobin monolayer composition. (a) Schematic drawing of 
polystyrene surfaces (gray) functionalized with the recombinant hydrophobins EAS (orange) and  
EAS-α (blue) in different molar ratios to illustrate the concept of antibody coverage and sensitivity. 
High amounts of EAS-α will result in a high number of immobilized antibodies (black Y-shaped 
structures) per surface area (high antibody coverage), whereas the sensitivity of the assay towards 
soluble α-factor pheromone (small blue spheres) might be enhanced if low amounts of EAS-α are 
utilized (see text for details). (b) Influence of the EAS-α content of hydrophobin layers on the antibody 
coverage. Polystyrene surfaces were functionalized with EAS and EAS-α in different molar ratios and 
subsequently treated with the α-factor antibody and a HRP-linked secondary antibody (section 2.9.1). 
Antibody coverage was calculated by normalizing the data to surfaces consisting of 100 % EAS-α.  
(c) Enlarged image section of (b) to visualize the influence of low EAS-α content on the antibody 
coverage. All plotted values correspond to triplicate measurements of at least two independent 
experiments. Error bars indicate standard deviation. 
 
Further increasing the EAS-α content (above 2.0 %) only caused a slight increase in 
antibody coverage, indicating that steric hindrance between the antibodies limited 
further binding. This might be attributed to the large differences in the size of  
IgG antibodies (about 10 nm × 14 nm × 5 nm [424]) and hydrophobin monomers 
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(diameter of 2.7 nm [146]). For an EAS-α content of up to 1.6 % (yielding 
71.7 ± 1.9 % of the maximum antibody coverage), the increase in antibody coverage 
with increasing EAS-α content was rather steep, whereas the slope of the curve 
clearly decreased upon further increasing the EAS-α content (Figure 9 c). Therefore, 
a mixed hydrophobin layer encompassing 1.6 % EAS-α allowed for comparatively 
high antibody coverage with a low number of surface-exposed binding sites and was 
therefore considered to represent the optimized surface composition. Additionally, 
only minor differences in the slope of the curve between 1.4 % EAS-α and 2.0 % 
EAS-α were obtained (Figure 9 c). Thus, minor differences in the final surface 
composition, e.g. resulting from uncertainties in protein concentration determination, 
were not expected to dramatically affect the sensitivity of the assay. 
 
3.2.3 Calibration of the competitive ELISA 
Next, the competitive ELISA was calibrated with the synthetic α-factor pheromone 
(section 2.9.2). This immunoassay relied on the competitive detachment of antibodies 
from the hydrophobin-functionalized surface, triggered by the presence of soluble 
pheromone in the close proximity of the surface (Figure 8). Various concentrations of 
the synthetic α-factor were used to calibrate the competitive ELISA, and different 
hydrophobin monolayer compositions were utilized to validate the effect of the 
monolayer composition on the immunoassay sensitivity (Figure 10). The absorbance 
values were normalized to surfaces not treated with the pheromone to calculate the 
antibody coverage according to the equation: 
 
Antibody coverage = 
Absorbance value (pheromone-treated surface)
Absorbance value (control surface not treated with the α-factor)
 
 
With increasing concentrations of the α-factor, the antibody coverage gradually 
decreased, in line with the competitive removal of α-factor antibodies from the 
functionalized surface (Figure 10). When the optimized hydrophobin monolayer 
composition (1.6 % EAS-α) was employed, a lower limit of detection (signal-to-noise 
ratio = 3) of 0.2 µM α-factor and a dynamic range of 0.2 – 100 µM α-factor were 
determined. In contrast, when the hydrophobin monolayers consisted of higher 
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amounts of EAS-α (16 % EAS-α or 100 % EAS-α), higher pheromone concentrations 
were required to yield a reduction in antibody coverage (Figure 10). Lower limits of 
detection of 2 µM and 10 µM α-factor were obtained for surfaces encompassing  
16 % EAS-α and 100 % EAS-α, respectively. However, further lowering the EAS-α 
content of the monolayer (below 1.6 % EAS-α) did not result in enhanced sensitivity, 
mostly due to the low absorbance values obtained even in the absence of the 
pheromone (data not shown). Thus, these data unambiguously confirmed the 
aforementioned hypothesis that maximum antibody coverage and immunoassay 
sensitivity were interrelated and that optimization of the monolayer composition was 
advantageous for achieving the highest sensitivity. On the other hand, the possibility 
to modify the sensitivity by tuning the EAS-α content of the monolayer provided a tool 
for facile and precise adjustment of the sensitivity and the dynamic range of the 
assay. Thus, the sensitivity can be predefined according to the pheromone 
concentrations to be quantified. 
Figure 10. Calibration of the competitive ELISA. Individual wells of 96-well microplates were 
functionalized with the recombinant hydrophobins EAS and EAS-α in different molar ratios and used 
for competitive ELISA measurements (section 2.9.2). Antibody coverage was calculated by data 
normalization to surfaces not treated with the synthetic α-factor. Mean values, corresponding to 
triplicate measurements of at least two independent experiments, are plotted. Error bars indicate 
standard deviation. 
 
Remarkably, even very high pheromone concentrations (100 µM α-factor) were not 
sufficient to completely remove the antibodies from the functionalized surface. This 
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may result from the non-specific interaction between antibodies and hydrophobin 
layers as observed in the course of evaluating the tag accessibility (Figure 6 c) and 
as reported previously [280-282]. Consequently, these non-specific interactions might 
be an issue for very high pheromone concentrations to be measured, i.e. in the case 
of very low antibody coverage values. However, these limitations could be overcome 
by increasing the EAS-α content of the monolayer, thereby shifting the dynamic 
range towards higher pheromone concentrations (Figure 10). 
 
3.2.4 Evaluation of the competitive ELISA under varying conditions 
Next, the influence of the sample matrix on the performance of the competitive ELISA 
was assessed. Any non-specific effect of the sample matrix on the competitive 
immunoassay may imply restrictions to the applicability of the assay, e.g. for the 
quantification of the α-factor in complex sample matrices such as the culture 
supernatants of yeast cells. On the other hand, it could be hypothesized that this 
approach might provide an opportunity to enhance the sensitivity of the assay. 
Particularly, if the affinity of the antibody to the immobilized pheromone (i.e. to  
EAS-α) can be reduced by applying certain conditions, lower concentrations of the 
dissolved α-factor will suffice to detach the antibodies from the surface, thereby 
lowering the limit of detection and enhancing the sensitivity of the assay. 
In order to analyze the influence of the sample matrix, the competitive ELISA protocol 
was slightly modified to carry out the competition step under varying conditions 
(section 2.9.3). All other steps of the competitive ELISA were essentially similar to the 
standard protocol to avoid interference with the general immunoassay read-out. First, 
the influence of the pH value, the ionic strength and the detergent concentration of 
the sample matrix was addressed (Figure 11 a-d). 
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Figure 11. Evaluation of the competitive ELISA under varying conditions. (a) Influence of the 
sample matrix pH on the absorbance values. (b) Normalized data regarding the influence of the pH 
value. For data normalization, absorbance values obtained for samples containing 10 µM α-factor 
were normalized to absorbance values corresponding to control surfaces not treated with  
the pheromone. (c) Influence of the ionic strength on the competitive ELISA. Data were normalized 
according to (b). (d) Influence of the detergent concentration on the competitive ELISA. Data were 
normalized according to (b). (e) Influence of the temperature during the competition step. Data were 
normalized according to (b). (f) Influence of the sample viscosity – adjusted by sucrose addition – on 
the competitive ELISA. Data were normalized according to (b). All experiments were carried out using 
surfaces functionalized with recombinant hydrophobins in optimized composition (1.6 % EAS-α). 
Composition of the sample matrix buffers is shown in Table 18. Plotted values correspond to triplicate 
measurements of at least two independent experiments. Error bars indicate standard deviation. 
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Analysis of the influence of the pH value on the competitive ELISA revealed a 
biphasic behavior (Figure 11 a). No effect of the pH value on the absorbance values 
of both untreated and pheromone-treated surfaces was observed in the range of  
pH 7.0 – 10.0, while lowering the pH below 7.0 resulted in a gradual decrease of the 
absorbance values obtained. However, upon data normalization (i.e. calculating the 
antibody coverage of surfaces treated with 10 µM α-factor in relation to control 
surfaces not treated with the pheromone, Figure 11 b) the biphasic behavior was not 
evident, indicating that the competition efficiency was not dramatically altered in 
acidic conditions and that the α-factor could be reliably quantified in an acidic 
environment. The dependence of the absorbance values on the pH value in acidic 
conditions suggested that ionic interactions might be responsible for the observed 
behavior (section 4.2.3). 
Next, the influence of the ionic strength and the detergent concentration of the 
sample matrix was analyzed. Strikingly, the competitive ELISA was highly robust 
against changes in these parameters, as neither the absorbance values (data not 
shown) nor the competition efficiency (Figure 11 c,d) were altered under these 
conditions. In summary, these data revealed that the competitive ELISA was largely 
robust against changes in the sample matrix composition and should therefore allow 
for highly sensitive α-factor quantification in various sample matrices, possibly 
including yeast culture supernatants. 
Furthermore, the influence of varying physical conditions during the competition step 
was assessed. It was reasoned that physically increasing the diffusion rate might 
provide an opportunity to enhance the efficiency of the competition step. The 
diffusivity of the pheromone in the competitive immunoassay was defined by 
Brownian motion of individual molecules, given by the equation: 
 
D = 
RT
6πηrN
 
 
where D represents the mass diffusivity, R and T are the universal gas constant and 
the absolute temperature, respectively, η defines the viscosity of the system,  
r represents the particle radius and N is the Avogadro constant [425]. Obviously, 
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temperature and viscosity of the system represented the only accessible parameters 
for elevating the diffusivity. Therefore, the influence of these parameters was 
addressed (Figure 11 e,f). 
With increasing temperature during the competition step, the antibody coverage 
obtained for a fixed pheromone concentration was gradually decreased, indicating 
enhanced sensitivity of the assay at elevated temperatures (Figure 11 e). However, 
when the temperature was raised to 45 °C and 50 °C, a severe reduction in the 
absorbance values was observed (data not shown), most likely resulting from 
antibody denaturation at high temperatures. The increased assay sensitivity at 
elevated temperatures might reflect an altered stability of the antigen-antibody 
complex but may also result from enhanced diffusivity. In support of the latter 
hypothesis, increasing the sample viscosity by adding sucrose led to a marked 
reduction in sensitivity (Figure 11 f). These data were consistent with the hypothesis 
that the diffusion of the α-factor to the functionalized surface and the diffusion of 
detached antibodies into the bulk solution, both driven by Brownian motion, limited 
the sensitivity of the assay, while the interactive forces between the antibody and the 
α-factor were of minor importance in this regard. Taken together, the competitive 
ELISA proved to be highly robust against the sample matrix composition, and the 
highest assay sensitivity could be obtained by performing the competition step at 
elevated temperatures (40 °C). 
 
3.2.5 Reusability of functionalized surfaces 
Reusability of biological elements and functionalized surfaces is of high interest in 
biosensor development and commercialization. Provided that functionalized surfaces 
cannot be produced at very low cost, the development of single-use devices does not 
display an economically viable approach [6, 18]. However, the low dissociation 
constants of antibody-antigen complexes typically prevent the reuse of functionalized 
surfaces of affinity sensors based on antibodies or antibody fragments. Particularly, 
the regeneration procedures that need to be applied to remove the antibodies from a 
functionalized surface may affect the activity and stability of the surface 
functionalization and might dramatically affect the performance of the functionalized 
surface upon repeated use [18, 32].  
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Class I hydrophobins are known to self-assemble into highly robust monolayers that 
require harsh treatment (such as 100 % TFA or formic acid) to dissolve [129-135]. 
Monolayers of the EAS hydrophobin were found to resist treatment with hot 
detergents (Figure 5) or incubation in highly acidic or alkaline conditions [163]. Since 
antibodies show a clearly lower stability than hydrophobin layers, the possibility to 
reuse the hydrophobin-functionalized surfaces for multiple measurements was 
assessed. Therefore, after completion of a competitive ELISA measurement, the 
antibodies attached to the surface were stripped off by a combined treatment with a 
reducing agent, detergent and heat (section 2.9.4). Subsequently, the hydrophobin-
functionalized surfaces were reused for competitive ELISA measurements and their 
performance upon repeated use was analyzed (Figure 12). 
Figure 12. Analysis of the reusability of hydrophobin-functionalized surfaces. Polystyrene 
surfaces were functionalized with recombinant hydrophobins (1.6 % EAS-α) and used for competitive 
ELISA measurements. After measurement of the absorbance values, antibodies attached to the 
functionalized surfaces were removed by a combined treatment with reducing agents, detergents and 
heat (section 2.9.4). Functionalized surfaces were reused for competitive ELISA measurements the 
next day. Antibody coverage was calculated by normalizing the data to surfaces not treated with the 
pheromone. A representative set of data, corresponding to triplicate measurements for each condition, 
is plotted. Error bars indicate standard deviation. Qualitatively similar results were obtained in several 
independent experiments. 
 
Evidently, the hydrophobin monolayers could be used for repeated competitive 
ELISA measurements (Figure 12). Even after five consecutive stripping cycles, the 
functionalized surfaces were still applicable for competitive ELISA measurements. 
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Importantly, the sensitivity of the immunoassay was not severely affected by multiple 
stripping events. These data indicated that the hydrophobin layers were not harmed 
by the antibody denaturation step, thereby offering the possibility to reuse the 
functionalized surfaces multiple times.  
Compared to freshly functionalized surfaces, a 30 – 40 % reduction of the 
absorbance values was observed after the first stripping cycle (Appendix B.2), 
whereas no further decrease in signal intensity was seen after subsequent stripping 
events. The initial reduction in the signal intensity may result from partial extraction of 
the hydrophobins by the hot SDS treatment. Water contact angle measurements 
indicated that some of the recombinant hydrophobins were extracted during such a 
treatment (Figure 5), and partial extraction of class I hydrophobins by hot SDS 
treatment has been observed previously [158, 213, 251, 257, 263, 280, 331, 396, 
412-416]. Quantitative analysis revealed that, depending on the hydrophobin, the 
substrate and the surface functionalization method, hot SDS extraction removed  
7 – 85 % of the hydrophobins initially attached to the surface [158, 251, 331, 416]. As 
EAS and EAS-α did not exhibit any differences in their resistance against hot SDS 
treatment (Figure 5), it can be assumed that about 30 – 40 % of both hydrophobins 
were extracted during the first stripping cycle, whereas further extraction during 
additional stripping cycles was not evident (Appendix B.2). Therefore, the class I 
hydrophobin layers consisting of EAS and EAS-α were sufficiently robust to allow for 
multiple measurements with similar sensitivity. 
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3.3 Pheromone quantification by inverse ELISA measurements 
 
3.3.1 Design and concept of the inverse ELISA 
The competitive ELISA allowed for robust detection of the α-factor pheromone, 
largely independent on the sample matrix composition, with a lower limit of detection 
of 0.2 µM α-factor and wide dynamic range (section 3.2.3). However, the sensitivity of 
the competitive immunoassay may be insufficient, although several options may exist 
to considerably increase its sensitivity (sections 4.2.3 and 4.5.3). The competitive 
immunoassay relied on competitive detachment of antibodies from the hydrophobin-
functionalized surface, implying that the antigen-antibody complex formed at the 
surface (via the α-factor exposed by EAS-α) had to dissociate to release the 
antibodies from the functionalized surface. Antigen-antibody complexes show very 
low dissociation constants, typically in the nanomolar to picomolar range [426-428]. 
Thus, the high stability of the complex between the α-factor antibody and its cognate 
antigen displayed at the functionalized surface may limit the sensitivity of the 
competitive immunoassay. To overcome this limitation, a second immunoassay 
based on hydrophobin-functionalized surfaces, but not relying on the dissociation of 
the antigen-antibody complex, was delevoped (Figure 13).  
In this design, the α-factor antibodies were first added to a pheromone-containing 
sample and pre-incubated for 2 h. During this time frame, some of the available 
antigen binding sites of the α-factor antibodies were occupied by the soluble α-factor 
in the sample. In a second step, the pre-incubated samples were applied to 
polystyrene surfaces functionalized with EAS and EAS-α. In the absence of 
competition, only antibodies that still carried available antigen binding sites were 
capable of specifically binding to the surface (Figure 13). In this approach, 
competition between the α-factor in solution and the immobilized α-factor (via EAS-α) 
would be detrimental to the sensitivity. As competition efficiency is directly related to 
the diffusivity, being a function of the temperature (Figure 11 e), competition could be 
largely suppressed by performing the second step at 4 °C. Finally, the antibodies 
attached to the surface were quantified by the use of a secondary antibody linked to 
HRP.  
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Figure 13. Schematic illustration of the concept of the inverse ELISA. First, α-factor antibodies 
(black Y-shaped structures) were added to samples containing the α-factor (small blue spheres) to 
occupy some of the available antigen binding sites of the antibodies (left panel). Second, the pre-
incubated samples were applied to polystyrene surfaces (gray) functionalized with the recombinant 
hydrophobins EAS (orange) and EAS-α (blue) in advance (middle panel). During this step, only 
antibodies still carrying available antigen binding sites were able to specifically bind to the 
functionalized surfaces (right panel), allowing for quantification of the pheromone in the sample. 
 
As the sequence of some of the reaction steps was inverted in comparison to the 
competitive ELISA, this immunoassay is referred to as the inverse ELISA throughout 
this study. Comparable immunoassays, although based on different strategies for 
target compound immobilization, have been established previously to quantify 
herbicides [429, 430] or explosives [14]. Additionally, a similar immunoassay was 
utilized to detect a hydrophobin from Fusarium poae in extracts of barley and malt to 
assess the risk of beer gushing [305]. 
 
3.3.2 Calibration of the inverse ELISA 
In order to validate if the inverse ELISA was indeed more sensitive than the 
competitive ELISA, the inverse ELISA was calibrated with various dilutions of the 
synthetic α-factor (section 2.10.1). Different hydrophobin monolayer compositions 
were utilized for inverse ELISA calibration to evaluate the influence of the 
hydrophobin monolayer composition (Figure 14). 
Premix antibodies and
dissolved α-factor
Apply to functionalized
surfaces
Attachment of antibodies
with free binding sites
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Figure 14. Calibration of the inverse ELISA. Serial dilutions of synthetic α-factor were pre-incubated 
with the α-factor antibody and subsequently applied to polystyrene surfaces functionalized with the 
recombinant hydrophobins EAS and EAS-α in different molar ratios. Antibody coverage was calculated 
by data normalization to samples not containing the pheromone. All plotted values correspond to 
triplicate measurements of at least two independent experiments. Error bars indicate standard 
deviation. 
 
Evidently, increasing the pheromone concentration in the samples resulted in a 
gradual decrease in the antibody coverage, in line with fewer antibodies carrying 
available binding sites when pre-incubated with high amounts of the pheromone 
(Figure 14). Utilizing the optimized hydrophobin layer composition (1.6 % EAS-α), a 
lower limit of detection of 0.1 nM α-factor and a dynamic range of 0.1 nM – 1.0 µM  
α-factor were obtained. Thus, the limit of detection achieved by the inverse ELISA 
was about three orders of magnitude lower than the limit of detection obtained by the 
competitive ELISA (0.2 µM α-factor, Figure 10). Additionally, the dynamic range of 
the inverse ELISA, covering four orders of magnitude, was substantially larger than 
the dynamic range obtained for the competitive ELISA (0.2 µM – 100 µM, Figure 10). 
As observed for the competitive ELISA, the sensitivity of the inverse immunoassay 
could be tuned by adjusting the EAS-α content of the hydrophobin layer (Figure 14). 
Upon increasing EAS-α content of the monolayers, the slope of the calibration curve 
was reduced, indicating that the sensitivity and the dynamic range of the inverse 
immunoassay can be predefined by the choice of the EAS-α content of the 
hydrophobin monolayer. As the highest slope was obtained for hydrophobin layers 
encompassing 1.6 % EAS-α, this value was regarded as the optimized hydrophobin 
layer composition for the inverse ELISA as well. Although the second step of the 
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inverse ELISA, featuring attachment of antibodies with available binding sites to the 
functionalized surface, was performed at low temperatures to reduce competition 
between the soluble and the surface-immobilized pheromone, a distinct contribution 
of competition was still evident. In the absence of competition, the number of 
antibody binding sites exposed at the surface (i.e. the EAS-α content of the 
hydrophobin layer) would not be expected to affect the inverse ELISA performance 
above a specific threshold that guaranteed that all antibodies with available binding 
sites were able to attach. However, the slopes of the calibration curves obtained for 
different hydrophobin layer compositions differed remarkably (Figure 14), indicating 
that competition affected the inverse ELISA approach considerably (section 4.2.2). 
 
3.3.3 Evaluation of the inverse ELISA under varying conditions 
Next, the influence of the sample matrix composition on the behavior of the inverse 
ELISA was addressed, similar to the experiments performed to assess the 
robustness of the competitive immunoassay. Considering the high sensitivity of the 
inverse ELISA, this immunoassay should be ideally suited to quantify the α-factor in 
yeast culture supernatants in physiologically relevant concentrations. However,  
non-specific matrix effects have to be excluded to ensure reliable pheromone 
quantification. Therefore, the α-factor was diluted in various buffers with different  
pH values, ionic strength or detergent concentration (section 2.10.2) and the 
influence on the behavior of the inverse ELISA was evaluated (Figure 15). 
Upon modification of the pH value of the sample matrix (Figure 15 a), the absorbance 
values showed a biphasic behavior, strikingly similar to the data obtained with the 
competitive ELISA (Figure 11 a). Again, an obvious reduction in the absorbance 
values was observed when the assay was performed in acidic conditions, whereas 
data normalization revealed that the sensitivity was not severely altered  
(Figure 15 b). These data suggested that antibody binding to the functionalized 
surfaces was limited under acidic conditions, possibly resulting from electrostatic 
repulsive forces between the antibody and the hydrophobin-functionalized surface 
(section 4.2.3). However, as the electrostatic forces were independent on the 
presence or absence of the pheromone, the absorbance values for pheromone-free 
Results 
104 
 
samples were similarly reduced, rendering the sensitivity of the immunoassays 
essentially unchanged. 
 
 
 
Figure 15. Evaluation of the inverse ELISA under varying conditions. (a) Influence of the pH on 
the absorbance values. (b) Normalized data concerning the influence of the pH value on the inverse 
ELISA behavior. For data normalization, values corresponding to pheromone-free samples were set to 
100 % antibody coverage and values obtained for samples containing 100 nM α-factor were plotted. 
(c) Influence of the ionic strength on the performance of the inverse ELISA. Data normalization was 
carried out according to (b). (d) Influence of the detergent concentration on the behavior of the inverse 
ELISA. Data were normalized according to (b). All experiments were carried out using functionalized 
surfaces comprising the optimized hydrophobin layer composition (1.6 % EAS-α). The composition of 
the sample matrix buffers used in each set of experiments is detailed in Table 18. Plotted values 
correspond to triplicate measurements of at least two independent experiments. Error bars indicate 
standard deviation. 
 
In contrast, the ionic strength or the detergent concentration of the buffer initially 
used to pre-incubate the α-factor and cognate antibodies did not show any influence 
on the inverse ELISA performance. Neither the absorbance values (data not shown) 
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nor the sensitivity (Figure 15 c,d) were affected by modifying these parameters in a 
wide range, consistent with the results obtained for the competitive ELISA. Thus, it 
can be concluded that the behavior of the inverse ELISA is highly independent on the 
sample matrix composition. Consequently, the inverse ELISA should be suitable to 
detect and quantify even very low α-factor concentrations in complex sample 
matrices such as yeast culture supernatants. 
 
 
3.4 Pheromone quantification in yeast culture supernatants 
 
3.4.1 Quantification of yeast pheromones by competitive and inverse ELISA 
measurements 
Due to its sensitivity and its robustness against changes in sample matrix conditions, 
the inverse ELISA should be suitable to detect and quantify the α-factor pheromone 
in yeast culture supernatants. However, some pre-treatment of the cell-free culture 
supernatants was required to obtain high-quality results (section 2.10.3). 
Yeast cells rapidly acidify their environment, resulting in acidic culture supernatants 
(pH 2.0 – 3.0, data not shown). As these conditions may cause antibody denaturation 
and both immunoassays suffered from low absorbance values when acidic samples 
were applied (Figures 11 a and 15 a), adjusting the culture supernatants to pH 8.0 
proved to be mandatory. Increasing the pH value resulted in the formation of 
precipitates, most likely resulting from the poor solubility of certain calcium salts in 
neutral to alkaline environments. Thus, prior to increasing the pH value, EGTA was 
added to chelate calcium ions in the culture supernatants, thereby minimizing the 
formation of precipitates. Finally, protease inhibitors were added to the culture 
supernatants to prevent proteolytic degradation of the antibodies due to proteases 
secreted by yeast cells or released from lysed cells. Utilizing these sample treatment 
steps, the α-factor could be quantified in yeast culture supernatants by the 
competitive and the inverse ELISA technique. Importantly, the calibration curves 
were indistinguishable from the curves obtained when the α-factor was dissolved in 
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PBS-T (data not shown), again highlighting the robustness of both immunoassays 
against modifications in the sample matrix composition. 
 
3.4.2 Pheromone secretion of wild-type and genetically engineered  
S. cerevisiae strains 
First, the hydrophobin-based immunoassays were applied to study the pheromone 
secretion of wild-type strains of S. cerevisiae. To this end, yeast cells of the mating 
type α (BY4742) or mating type a (BY4741) were grown in SD medium and the 
cultures were sampled over time to analyze the α-factor concentration in the 
respective culture supernatants. At the indicated time points, cells were removed by 
centrifugation and the α-factor was quantified in cell-free culture supernatants by the 
inverse ELISA approach (Figure 16 a). Since individual cultures showed remarkable 
differences in their growth behavior (data not shown), pheromone concentrations of 
different cultures could not be averaged and representative curves are plotted. Due 
to the complexity of the biological system encompassing proliferation and death of 
pheromone-secreting cells as well as pheromone secretion and degradation, 
normalization of the α-factor concentration to the cell density at each time point did 
not prove to be appropriate.  
As expected, the a-type strain of S. cerevisiae did not secrete measurable amounts 
of the α-factor throughout the time course of the experiment (Figure 16 a). Both  
α-factor pheromone precursor genes (MFα1 and MFα2) are α-specific genes that are 
not expressed in a-type cells [340, 342, 343]. Hence, the inverse ELISA proved to be 
highly selective for the α-factor pheromone even in yeast culture supernatants. 
In contrast, cells of the α-type strain secreted the α-factor, and 30 – 50 nM α-factor 
accumulated in the culture supernatants of these cells within 10 h of growth  
(Figure 16 a). The α-factor concentrations in the culture supernatant apparently 
paralleled the growth behavior of the α-type strain for the first 8 – 10 h (data not 
shown), suggesting that the pheromone was secreted at a constant rate as reported 
previously [431-433]. However, the pheromone concentrations declined upon further 
growth when the cells entered the late log phase or early stationary phase. This 
might reflect non-specific pheromone degradation in nutrient-limited surroundings as 
observed previously [368, 434-436] (section 4.3.1). 
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Figure 16. Pheromone secretion of wild-type and genetically engineered S. cerevisiae cells.  
(a) Secretion of the α-factor by wild-type S. cerevisiae cells. Haploid cells of the mating type a 
(BY4741) or α (BY4742) were grown in SD medium and the cultures were sampled at the indicated 
time points. The inverse ELISA technique was applied to quantify the α-factor pheromone in the 
respective culture supernatants by employing the optimized hydrophobin layer composition  
(1.6 % EAS-α). (b) Pheromone secretion of α-type cells engineered to secrete high amounts of the  
α-factor pheromone. S. cerevisiae BY4742 was transformed with the plasmid p426GPD-MFα1 and 
grown in SD medium. Pheromone concentrations were determined by the use of the inverse ELISA 
utilizing the optimized monolayer composition (1.6 % EAS-α) and appropriate sample dilutions. 
Representative curves, corresponding to triplicate measurements, are plotted. Error bars indicate 
standard deviation. 
 
Next, the pheromone secretion of S. cerevisiae cells engineered to secrete high 
amounts of the α-factor was assessed (Figure 16 b). To this end, the MFα1 ORF was 
cloned into p426GPD vector under transcriptional control of the strong GPD 
promoter, yielding the plasmid p426GPD-MFα1. MFα1 was chosen as it encodes four 
copies of the α-factor, whereas only two α-factor units (one of them with two amino 
acid substitutions) are encoded by MFα2 [348]. Furthermore, about 90 % of the  
α-factor secreted by α-type cells can be ascribed to MFα1 expression [433, 434], 
indicating that MFα1 might be superior to MFα2 in terms of expression level, mRNA 
stability and/or the efficiency of translation, precursor processing and secretion. In 
addition, the yeast expression vector p426GPD carries the 2µ origin, conferring a 
high plasmid copy number in yeast cells [387, 437]. Consequently, upon 
transformation of the α-type strain BY4742 with p426GPD-MFα1, engineered yeast 
cells were expected to secrete high levels of the α-factor into their surroundings. 
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Analyzing the pheromone secretion of these cells by utilizing the hydrophobin-based 
immunoassays revealed that the α-type cells overexpressing MFα1 indeed 
accumulated very high amounts of the α-factor, achieving about 1 – 2 µM α-factor 
within 10 h of growth (Figure 16 b). As observed for wild-type cells of the mating  
type α, there was a decline in the α-factor concentrations in the culture supernatants 
when the cells entered the stationary phase (10 – 12 h of growth), probably reflecting  
α-factor degradation (section 4.3.1). Despite comparable growth rates, certain 
deviations in the α-factor secretion were seen between individual cultures (data not 
shown), possibly resulting from the plasmid-based MFα1 expression. Plasmid-based 
expression systems inherently cause a remarkable heterogeneity of the expression 
level in individual cells, mostly due to copy number differences and plasmid loss 
[73, 438, 439].  
Notably, the α-factor concentrations in the culture supernatants of cells 
overexpressing MFα1 markedly exceeded the dynamic range of the inverse ELISA 
utilizing the optimized hydrophobin layer composition (1.6 % EAS-α), and dilution of 
the culture supernatants was mandatory for reliable pheromone quantification. 
Alternatively, the α-factor concentrations could be determined by inverse ELISA 
measurements employing hydrophobin layers with increased EAS-α content, taking 
use of the possibility to shift the dynamic range by modulating the hydrophobin layer 
composition (Figure 14). Likewise, the competitive immunoassay could be employed 
to determine α-factor concentrations in the culture supernatants of MFα1 
overexpressing cells (data not shown). 
 
3.4.3 Pheromone secretion of S. cerevisiae strains defective in pheromone 
maturation 
Next, the selectivity and specificity of the inverse immunoassay were evaluated, in 
particular focusing on the importance of pheromone maturation with respect to the 
measurability by the hydrophobin-based immunoassays. To this end, α-type cells of 
S. cerevisiae defective in N-terminal or C-terminal pheromone maturation,  
i.e. carrying a deletion of the KEX1 or the STE13 gene, were used. Both genes 
encode peptidases involved in the processing of the α-factor precursor in the 
secretory pathway (Figure 1). In particular, Kex1p is responsible for C-terminal 
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maturation of the α-factor [354], cleaving off the C-terminal lysine-arginine moiety 
present at three of the four α-factor units of the Mfα1p precursor. In contrast, Ste13p 
carries out N-terminal processing of the α-factor by cleaving off dipeptide moieties 
[355]. To assess the influence of pheromone maturation, α-type cells lacking the 
STE13 or KEX1 gene were grown in SD medium and assayed for pheromone 
secretion by the inverse ELISA approach (Figure 17).  
Figure 17. Pheromone secretion of yeast strains defective in pheromone maturation. Wild-type 
α-cells of S. cerevisiae (BY4742) or isogenic cells lacking the KEX1 gene (BY4742 Δkex1) or the 
STE13 gene (BY4742 Δste13) were grown in SD medium. Pheromone concentrations in the culture 
supernatants were determined by inverse ELISA measurement employing functionalized surfaces 
containing 1.6 % EAS-α. Representative curves, corresponding to triplicate measurements, are 
plotted. Error bars indicate standard deviation. 
 
Yeast cells carrying a deletion of the STE13 gene accumulated about 10 – 20 nM  
α-factor within 10 – 12 h of growth compared to 30 – 50 nM α-factor secreted by 
isogenic wild-type cells in a similar time frame (Figure 17). While a reduced affinity of 
the antibody towards the N-terminally immature α-factor could not be excluded, the 
reduced α-factor levels found in the supernatants of Δste13 cells were most likely 
caused by differences in the growth rate of the wild-type and the Δste13 strain. It was 
found that Δste13 cells grew clearly slower than wild-type cells in minimal medium, 
achieving roughly 45 % of the cell density of the wild-type strain after 10 h of growth 
(data not shown). As cells carrying or lacking the STE13 gene secrete the α-factor at 
a similar rate and with similar kinetics [355, 440], the comparatively low pheromone 
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concentrations detected in the culture supernatants of the Δste13 strain might have 
resulted from the growth rate differences. However, as mentioned above, 
normalization of the pheromone concentration in the culture supernatants to the cell 
density did not provide evaluable data. 
In marked contrast, the Δkex1 strain accumulated very low levels of the α-factor in 
the culture supernatants, yielding a maximum of about 5 nM within 10 – 12 h of 
growth (Figure 17). The severe reduction in α-factor concentration in the 
supernatants of this strain could not be attributed to growth rate differences 
exclusively. Although the Δkex1 strain was found to proliferate at a slightly reduced 
rate in comparison to wild-type cells, the Δkex1 strain grew clearly faster than the 
Δste13 strain that accumulated higher pheromone concentrations (Figure 17 and 
data not shown). Thus, the low α-factor concentrations determined by the inverse 
ELISA technique might have resulted from a severe reduction in the affinity of the 
antibody towards the C-terminally immature pheromone. A conclusive model 
addressing the importance of pheromone maturation on the measurability by 
hydrophobin-based immunoassays is given in the discussion (section 4.3.3). 
 
 
3.5 Development of an artificial inter-species communication 
system 
 
Artificial cell-cell communication represents an emerging tool in synthetic biology 
applications encompassing cellular consortia. Consortium-based approaches provide 
the unique possibility to share different tasks between specifically engineered cell 
populations, thereby reducing the metabolic burden for each cell type [373-377]. 
Artificial cell-cell communication might be a suitable approach to implement novel 
control elements in consortium-based approaches as cellular communication might 
be utilized to define the spatiotemporal sequence of actions taken by the consortium. 
In this study, a synthetic inter-species communication mode was developed, relying 
on engineered cells of the fission yeast S. pombe secreting the α-factor pheromone 
of S. cerevisiae. This system might represent a valuable tool for synthetic biology 
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applications as well as for the establishment of whole-cell sensors and cell-based 
sensor-actor systems. Employing the capabilities of distantly related species into a 
whole-cell sensor system might significantly enlarge the range of analytes and 
concentrations that could be detected, which would not be feasible with a single 
whole-cell sensor system [92] (section 4.4.1). Additionally, engineered S. pombe cells 
secreting the α-factor pheromone might be combined with the hydrophobin-based 
immunoassays, yielding a novel opportunity to create a whole-cell biosensor read-out 
(section 3.6.1). 
 
3.5.1 Design, cloning and heterologous expression of α-factor pheromone 
precursor genes in S. pombe 
Synthesis and secretion of the α-factor pheromone by S. pombe was realized by two 
different approaches. First, the authentic S. cerevisiae MFα1 ORF was utilized to 
mediate α-factor expression in S. pombe. Similar routes have been taken previously 
to synthesize and secrete pheromones of C. cinerea, Sordaria macrospora, 
Penicillium chrysogenum, S. pombe and S. commune in S. cerevisiae host cells 
[432, 441-444]. In addition, a chimeric gene was generated (Figure 18 a) that was 
based on the S. pombe map2 gene encoding the P-factor pheromone precursor 
[398]. Although the α-factor and the P-factor are highly different at the amino acid 
level, they share some structural similarities. Both pheromones represent unmodified 
peptides that are secreted via the standard secretory pathway [344]. Structurally, the 
precursors encoded by S. cerevisiae MFα1 and S. pombe map2 are similar, 
encompassing a signal peptide for import into the ER, four repeats of the mature 
pheromone and several N-linked glycosylation sites [347, 348, 398] (Figure 18 a). 
However, processing of the precursors is significantly different in S. cerevisiae and  
S. pombe, and the peptides spacing the pheromone units differ remarkably in their 
sequence [344]. The chimeric gene map2/MFα1 was essentially identical to  
S. pombe map2, but the sequence encoding the mature P-factor pheromone was 
replaced by the sequence encoding the α-factor pheromone of S. cerevisiae in two of 
the four repeats (Figure 18 a, see Appendix A.3 for DNA and amino acid sequence). 
Hence, expression of the chimeric gene in S. pombe might result in synthesis and 
secretion of functional α-factor.  
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The ORFs encoding the authentic S. cerevisiae Mfα1p as well as the chimeric 
Map2/Mfα1p were integrated into fission yeast expression vector pJR1-3XL [388] 
under transcriptional control of the strong, thiamine-repressible nmt1 promoter, 
yielding pJR1-MFα1 and pJR1-map2/MFα1. In the absence of thiamine, the nmt1 
promoter mediates high expression levels of downstream target genes [445]. The 
pheromone precursor genes were fused to the sequence encoding the hemagglutinin 
(HA) epitope to allow for immunological detection of the pheromone precursors upon 
expression in the heterologous host. Therefore, the respective ORFs were fused to 
the sequences encoding a flexible (GGGGS)3 linker element and three repeats of the 
HA epitope at their 3’ end and placed into pJR1-3XL, resulting in pJR1-MFα1-3HA 
and pJR1-map2/MFα1-3HA. Both plasmids were transformed into S. pombe HE620 
and expression of the pheromone precursor genes was analyzed by SDS-PAGE and 
immunological detection (Figure 18 b). Colloidal Coomassie staining revealed that 
comparable amounts of proteins were loaded in each lane (data not shown).  
Successful expression of both MFα1-3HA and map2/MFα1-3HA was evidenced by 
immunological detection of the pheromone precursors fused to the HA epitope. In 
contrast, no cross-reacting protein was observed in lysates of S. pombe cells 
transformed with an empty vector, indicating that the signals detected by the HA-tag 
antibody corresponded to the pheromone precursors (Figure 18 b). Upon 
heterologous expression of MFα1 in S. pombe, a predominant signal at a molecular 
weight of about 35 kDa was evident. Additionally, a faint signal in the molecular 
weight of about 25 kDa could be detected. Remarkably, based on the primary 
structure, the molecular weight of the precursor encoded by MFα1-3HA was 
calculated to be 23.2 kDa and 21.2 kDa for the precursor carrying and lacking the  
N-terminal signal peptide, respectively [405]. The higher apparent molecular weight 
determined by SDS-PAGE might therefore indicate that the precursor underwent 
glycosylation. In its authentic host, the Mfα1p precursor is glycosylated at all three  
N-linked glycosylation sites [349-351]. Glycosylation of the precursor might also be 
carried out by S. pombe glycosyltransferases. 
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Figure 18. Structure and expression analysis of constructs for synthesis and secretion of the 
S. cerevisiae α-factor pheromone by S. pombe. (a) Schematic illustration of authentic and chimeric 
pheromone precursors. The authentic Mfα1p derived from S. cerevisiae carried an N-terminal signal 
peptide (SP) for import into the ER and four repeats of the α-factor pheromone. Likewise, the authentic 
S. pombe Map2p precursor harbored an N-terminal signal peptide and four copies of the mature  
P-factor pheromone. The chimeric Map2/Mfα1p precursor was highly similar to S. pombe Map2p, but 
two of the P-factor units were replaced by the sequence corresponding to the α-factor. Both MFα1 and 
map2/MFα1 were expressed in S. pombe to achieve synthesis and secretion of the α-factor 
pheromone in the heterologous host. (b) Expression analysis of pheromone precursor genes in  
S. pombe. To enable immunological detection of the pheromone precursors, the sequence encoding a 
(GGGGS)3 linker as well as three repeats of the HA epitope were fused 3’ to the sequence of the 
MFα1 and map2/MFα1 ORF to obtain MFα1-3HA and map2/MFα1-3HA, respectively. S. pombe 
HE620 was transformed with the empty vector (pJR1-3XL) or derivatives containing MFα1-3HA or 
map2/MFα1-3HA. Cellular lysates (25 µg total protein) were separated via SDS-PAGE and proteins 
were transferred to PVDF membranes and probed with the HA-tag antibody. 
 
Upon expression of the chimeric map2/MFα1-3HA gene in S. pombe, a single band 
was detected in the molecular weight range of about 35 kDa (Figure 18 b). Again, this 
was different to the calculated molecular weight of the precursor carrying or lacking 
the N-terminal signal peptide (25.8 kDa and 23.8 kDa, respectively [405]), possibly 
due to glycosylation of the chimeric precursor. This precursor, derived from S. pombe 
Map2p, carries two N-linked glycosylation sites in the C-terminal part, and 
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glycosylation of these moieties has been demonstrated previously for the authentic  
S. pombe Map2p precursor [398, 446]. 
Reproducibly, the signal obtained for the chimeric pheromone precursor was slightly 
more intense than that for the authentic precursor encoded by MFα1-3HA  
(Figure 18 b), possibly indicating that the chimeric gene was expressed to a slightly 
higher level. However, it should be noted that the amount of a precursor detected 
immunologically does not necessarily reflect the expression level of the respective 
gene, since immunological detection of the C-terminal HA epitope might have been 
influenced dramatically by the efficiency and speed of precursor processing and 
trafficking through the secretory pathway (section 4.4.2). 
 
3.5.2 Assessment of the α-factor pheromone activity in the culture 
supernatants of engineered S. pombe cells 
Next, it was evaluated whether heterologous expression of the authentic MFα1 or the 
chimeric map2/MFα1 pheromone precursor genes in S. pombe resulted in synthesis 
and secretion of active α-factor pheromone. Therefore, S. pombe cells carrying the 
vectors pJR1-3XL (empty vector), pJR1-MFα1 or pJR1-map2/MFα1 were grown in 
EMM for 24 h and cell-free culture supernatants were obtained by centrifugation 
(section 2.11.1). Subsequently, pheromone-responsive reporter cells of S. cerevisiae 
were transferred into the culture supernatants of the engineered S. pombe cells 
(section 2.11.2). Using this approach, the cell-free culture supernatants of engineered 
S. pombe cells could be screened for α-factor activity by analyzing if the S. cerevisiae 
reporter cells underwent pheromone response. Comparable approaches have been 
carried out previously to verify the presence of a fungal pheromone in culture 
supernatants or to characterize the pheromone response of engineered reporter cells 
[384, 432, 443, 447]. 
Upon perception of a mating pheromone, haploid S. cerevisiae cells arrest in G1 
phase of the cell cycle, thereby synchronizing the cell cycle of putative mating 
partners [342, 345, 358-364]. In order to analyze if engineered S. pombe cells 
secreted active α-factor, pheromone-responsive reporter cells of S. cerevisiae 
(BY4741 Δbar1) were shifted into the cell-free culture supernatants and cell cycle 
progression was monitored by quantitative DNA staining and flow cytometry (sections 
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2.12.2 and 2.12.3, Figure 19). The FIG1-tRFP reporter gene cassette was not 
present in this strain to avoid interference of tRFP fluorescence with the red 
propidium iodide dye used to stain yeast DNA. 
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Figure 19. Cell cycle analysis of pheromone-responsive S. cerevisiae reporter cells transferred 
into culture supernatants of S. pombe cells engineered to secrete the α-factor pheromone.  
S. pombe HE620 was transformed with pJR1-3XL, pJR1-MFα1 or pJR1-map2/MFα1 and grown in 
EMM for 24 h prior to centrifugation to obtain cell-free culture supernatants. Pheromone-responsive 
reporter cells of S. cerevisiae BY4741 Δbar1 were shifted into the culture supernatants and their cell 
cycle progression was monitored by quantitative DNA staining and flow cytometry. Open and filled 
arrow heads indicate G1 and G2 phase of the cell cycle, respectively. 
 
Initially, S. cerevisiae reporter cells were distributed in both G1 and G2 phase of the 
cell cycle, with a slightly higher amount of cells in G1 phase (Figure 19). When 
reporter cells were transferred into a culture supernatant of S. pombe cells carrying 
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the empty vector, the amount of cells in G1 and G2 phase slightly changed over time, 
and the reporter cells were evenly distributed in G1 and G2 phase after 4 h. These 
data indicated that wild-type S. pombe cells did not secrete the α-factor pheromone 
or related peptides that could elicit a pheromone response in S. cerevisiae. In marked 
contrast, reporter cells shifted into the supernatants of S. pombe cells expressing 
MFα1 or map2/MFα1 clearly arrested the cell cycle in the G1 phase within 4 h, 
indicating that the reporter cells underwent pheromone response. After 4 h of 
incubation, the majority of reporter cells were arrested in the G1 phase of the cell 
cycle, consistent with previously reported data [448]. Upon further incubation, the 
reporter cells shifted into the supernatant of MFα1-expressing S. pombe cells 
gradually recovered from the cell cycle arrest and resumed growth, and almost equal 
populations could be assigned to the G1 and the G2 phase after 8 h (data not 
shown). In contrast, recovery was not evident for reporter cells shifted into 
supernatant of map2/MFα1-expressing cells, as they remained fully arrested for at 
least 8 h (data not shown). As the time required for recovery from pheromone-
induced cell cycle arrest correlates with the pheromone concentration [449], these 
data suggested that the α-factor activity in the supernatants of map2/MFα1-
expressing S. pombe cells was higher than the pheromone activity in the 
supernatants of MFα1-expressing cells. 
The α-factor activity in the S. pombe culture supernatants was also assessed by 
monitoring the pheromone-dependent formation of mating projections and the 
pheromone-induced activation of the FIG1 promoter in S. cerevisiae reporter cells. 
Therefore, reporter cells carrying the FIG1-tRFP cassette integrated into the genome 
(BY4741 Δbar1 FIG1-tRFP) were shifted into the culture supernatants of the 
engineered S. pombe cells, incubated for 8 h and the morphology and fluorescence 
of the reporter cells were analyzed by flow cytometry (section 2.12.3) and 
fluorescence microscopy (section 2.12.4, Figure 20). 
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Figure 20. Analysis of the morphology and tRFP expression of S. cerevisiae reporter cells 
shifted into supernatants of S. pombe cells engineered to secrete the α-factor pheromone. Cells 
of S. pombe HE620 were transformed with the plasmids pJR1-3XL, pJR1-MFα1 or pJR1-map2/MFα1 
and cell-free culture supernatants were obtained after 24 h of growth in EMM. Pheromone-responsive 
reporter cells of S. cerevisiae BY4741 Δbar1 FIG1-tRFP were transferred into culture supernatants 
and incubated for 8 h at 30 °C prior to fixation. Fixed cells were subjected to flow cytometry analysis 
and fluorescence microscopy to analyze their morphology and tRFP expression. Scale bars in 
microscopic images indicate 10 µm. 
 
Reporter cells transferred into the supernatant of S. pombe cells carrying the empty 
vector showed the characteristic morphology of vegetatively growing cells, i.e. a 
narrow cell size distribution (quantified by FSC measurements) and the characteristic 
budding phenotype (Figure 20, top panel). Barely any fluorescent reporter cell was 
observed by flow cytometry and fluorescence microscopy, indicating that the FIG1 
promoter was not activated in these reporter cells. These data suggested that  
S. pombe cells did not secrete the α-factor or related compounds that could trigger 
the pheromone response in a-type S. cerevisiae cells. In contrast, reporter cells 
shifted to cell-free supernatants of MFα1-expressing S. pombe cells showed a 
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partially increased cell size (as evidenced by the broadened FSC distribution), and 
brightfield microscopy revealed that several reporter cells exhibited an elongated 
shape (Figure 20, middle panel). However, the reporter cells did not form the 
characteristic mating projections. The heterogeneity in the cellular morphology could 
be caused by physiological differences between individual cells, resulting in different 
responses to identical pheromone concentrations, in particular in the presence of low 
pheromone concentrations [420, 421]. About 30 % of the reporter cells exhibited a 
measurable fluorescence, indicating that about one-third of the reporter cells 
underwent pheromone-induced tRFP expression. 
In contrast, S. cerevisiae reporter cells shifted to the culture supernatants of  
S. pombe cells expressing the chimeric map2/MFα1 formed distinct mating 
projections resulting in an even wider cell size distribution, reflecting a hallmark 
feature of the yeast pheromone response (Figure 20, lower panel). Some of the 
reporter cells even formed multiple shmoo tips, a phenomenon observed upon 
application of very high pheromone concentrations (more than 50 nM α-factor for 
pheromone-hypersensitive Δbar1 cells [419]). Additionally, about 90 % of the reporter 
cells showed fluorescence resulting from tRFP expression controlled by the 
pheromone-responsive FIG1 promoter, and the mean tRFP expression of these 
reporter cells was clearly higher than the tRFP expression levels observed for 
reporter cells transferred into the supernatants of MFα1-expressing S. pombe cells. 
In summary, these data indicated that the expression of both MFα1 and the chimeric 
map2/MFα1 in S. pombe resulted in secretion of active α-factor, but that the 
pheromone activity was tremendously higher in the supernatants of map2/MFα1 
expressing S. pombe cells (sections 4.4.3 and 4.4.5). 
 
3.5.3 Quantification of pheromones secreted by a heterologous host 
Given the apparent differences in synthesis and secretion of biologically active  
α-factor upon expression of MFα1 or map2/MFα1 in S. pombe, it was of interest to 
study the pheromone secretion of the engineered S. pombe cells in further detail. 
Therefore, the hydrophobin-based inverse ELISA technique was applied to 
investigate the α-factor secretion of these cells during growth in minimal medium 
(section 2.10.3, Figure 21). Obviously, S. pombe cells carrying the empty vector did 
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not show any α-factor secretion (Figure 21), consistent with the absence of α-factor 
activity in the culture supernatants of these cells. Thus, it was confirmed that  
wild-type S. pombe cells did not secrete the α-factor pheromone or related 
compounds into the medium. Therefore, it can be concluded that the inverse ELISA 
is highly selective for the α-factor even in culture supernatants of S. pombe cells. 
Figure 21. Quantification of the α-factor pheromone secreted by engineered S. pombe cells. 
Cells of S. pombe HE620 were transformed with pJR1-3XL, pJR1-MFα1 or pJR1-map2/MFα1 and 
grown in EMM. At the indicated time points, samples of the culture supernatants were taken and  
α-factor concentration was determined by inverse ELISA measurements featuring the optimized 
hydrophobin monolayer composition (1.6 % EAS-α). Representative curves, corresponding to triplicate 
measurements, are shown. Error bars indicate standard deviation. 
 
Upon expression of MFα1 in S. pombe, accumulation of the α-factor within culture 
supernatants was evident, yielding 150 – 300 nM α-factor after 12 h and  
900 – 1500 nM α-factor after 24 h of growth. In contrast, upon expression of the 
chimeric map2/MFα1 gene in S. pombe, about 30 – 50 nM α-factor and  
400 – 600 nM α-factor accumulated within 12 h and 24 h, respectively (Figure 21). 
Some deviations between individual cultures were observed, most likely resulting 
from the plasmid-based expression system as was also observed for S. cerevisiae 
cells overexpressing MFα1 (section 3.4.2). The pronounced difference in α-factor 
secretion in S. pombe cells expressing MFα1 or map2/MFα1 most likely reflects the 
difference in the number of α-factor repeats encoded by the respective genes (four 
copies in MFα1 vs. two copies in map2/MFα1, Figure 18 a), although differences in 
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the expression level or the efficiency of trafficking through the secretory pathway 
cannot be excluded (sections 3.5.1 and 4.4.2). In marked contrast to S. cerevisiae,  
α-factor degradation upon entry into the stationary phase was not evident in  
S. pombe cultures, indicating that S. pombe cells do not express extracellular 
peptidases with suitable substrate specificity to degrade the α-factor pheromone. 
Importantly, there was a striking discrepancy between the α-factor activity 
(determined by the use of pheromone-responsive reporter cells, section 3.5.2) and 
the α-factor concentration (assayed by the inverse ELISA) in the supernatants of  
S. pombe cells expressing MFα1 or map2/MFα1. Although far higher α-factor 
concentrations were present in the supernatant of MFα1-expressing S. pombe cells, 
the pheromone activity was clearly lower in these supernatants. The apparent lack of 
correlation between α-factor concentration and activity is likely caused by 
inappropriate or incomplete processing of the Mfα1p precursor in S. pombe, leading 
to the secretion of immature or truncated derivatives of the α-factor upon expression 
of MFα1 (section 4.4.5). 
 
 
3.6 Applications of the hydrophobin-based surface engineering 
technique 
 
Finally, further applications of the hydrophobin-based surface functionalization 
method for the development of immunoassays were investigated. First, a novel 
whole-cell sensor utilizing the α-factor to create the biosensor read-out was 
established. Exploiting the α-factor as a secreted peptide to generate the read-out 
signal of a whole-cell sensor might be advantageous as it provides the opportunity for 
signal transport, intrinsic signal amplification and sensor cell confinement  
(sections 1.4 and 4.5.1) and hydrophobin-based immunoassays might be compatible 
with various transducer technologies (section 4.5.3). In particular, S. pombe cells 
were engineered to modulate the α-factor secretion in response to thiamine  
(vitamin B1), thus developing a novel whole-cell sensor for the detection of trace 
amounts of thiamine (section 3.6.1). 
Results 
121 
 
Second, the versatility of the hydrophobin-based surface engineering technique for 
the development of novel immunoassays was investigated. It was demonstrated that 
hydrophobin-based immunoassays were not restricted to the detection of a yeast 
pheromone since comparable immunoassays for alternative analytes could be 
developed. In particular, hydrophobin-based immunoassays for the detection and 
quantification of the HA peptide and recombinant proteins fused to the HA epitope 
were established by employing a novel EAS derivative exposing the HA epitope upon 
self-assembly at a hydrophobic surface (section 3.6.2). Thus, functionalized surfaces 
encompassing this hydrophobin provided an opportunity to specifically attach HA-tag 
antibodies at the functionalized surface, paving the way for the development of 
competitive and inverse immunoassays. 
 
3.6.1 Establishment of a novel whole-cell biosensor utilizing the α-factor 
pheromone to generate the sensor read-out 
Due to the high sensitivity, robustness against sample matrix effects and suitability to 
quantify the α-factor in the culture supernatants of S. cerevisiae and S. pombe, the 
hydrophobin-based immunoassays could be employed to establish a novel whole-cell 
biosensor utilizing the α-factor pheromone to create the biosensor read-out signal. As 
a proof-of-concept, engineered S. pombe cells modulating the α-factor secretion in 
response to trace amounts of thiamine (vitamin B1) were employed. Thiamine is an 
important cofactor of several key metabolic enzymes [450] and thiamine deficiency 
has been linked to several human health issues, including systolic heart failure and 
arrhythmia [451], cancer [452] as well as dementia and Alzheimer`s disease [453]. 
Therefore, quantitative analysis of thiamine in various sample matrices is of high 
interest in healthcare applications. 
S. pombe cells carrying the MFα1 ORF under transcriptional control of the thiamine-
repressible nmt1 promoter (vector pJR1-MFα1) were employed as proof-of-principle 
whole-cell sensors. The authentic MFα1 gene was chosen as cells expressing MFα1 
accumulated higher α-factor concentrations than S. pombe cells expressing 
map2/MFα1 (Figure 21). Due to the positive regulation by the transcription factors 
Thi1p and Thi5p, the S. pombe nmt1 promoter mediates very high transcription levels 
of a downstream target gene in the absence of thiamine in the extracellular 
Results 
122 
 
environment [454], whereas transcription from the nmt1 promoter is suppressed by 
the action of Tnr1p, Tnr2p and Tnr3p in the presence of extracellular thiamine [455]. 
The regulation of the nmt1 promoter by extracellular thiamine sources is consistent 
with the role of the Nmt1p protein in the synthesis of the pyrimidine moiety of 
thiamine [456]. The activity of the nmt1 promoter can be regulated gradually in a 
narrow range of thiamine concentrations [457, 458], allowing for the implementation 
of a thiamine whole-cell sensor. Therefore, S. pombe cells carrying the vector  
pJR1-MFα1 were transferred to EMM supplemented with different amounts of 
thiamine and the pheromone secretion was monitored by the use of the inverse 
ELISA technique (section 2.10.3, Figure 22). 
Figure 22. Secretion of the α-factor by engineered S. pombe sensor cells responding to 
extracellular thiamine by modulating MFα1 expression. S. pombe HE620 was transformed with 
the vector pJR1-MFα1 containing the MFα1 ORF under transcriptional control of the thiamine-
repressible nmt1 promoter. Transformed cells were pre-grown in EMM and shifted to EMM 
supplemented with different amounts of thiamine at time point zero. The α-factor present in the 
respective culture supernatants was quantified by inverse ELISA measurement employing the 
optimized hydrophobin layer composition (1.6 % EAS-α). A representative set of data, corresponding 
to triplicate measurements, is plotted. Error bars indicate standard deviation. 
 
Gradual reduction in the α-factor accumulation in the culture supernatants of  
S. pombe cells carrying pJR1-MFα1 was observed upon increasing concentration of 
thiamine supplemented to the growth medium (Figure 22). Remarkably, thiamine 
concentrations as low as 10 nM were sufficient to decrease the α-factor secretion of 
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the sensor cells, resulting in reduced pheromone accumulation in the culture 
supernatants. These results were consistent with a thiamine-induced downregulation 
of the nmt1 promoter activity. Thiamine itself did not affect the α-factor quantification 
by inverse ELISA measurements (data not shown). Additionally, thiamine has been 
reported to slightly stimulate the growth of S. pombe cells [456], which was also 
evident for the engineered S. pombe sensor cells (data not shown). Thus, it could be 
concluded that the thiamine-dependent reduction in α-factor accumulation in the 
culture supernatants was not caused by a thiamine-dependent reduction in the 
growth rate of the engineered sensor cells but instead resulted from thiamine-
dependent downregulation of the activity of the nmt1 promoter. 
Obvious differences between the α-factor concentrations were evident already after 
4 h of incubation in the presence or absence of thiamine (Figure 22), consistent with 
a previous report demonstrating the complete disappearance of the nmt1 mRNA after 
3 h of incubation in the presence of thiamine [459]. In summary, these data provide 
evidence that the hydrophobin-based immunoassays can be successfully combined 
with genetically engineered sensor cells to create a novel whole-cell sensor for the 
detection of thiamine. With a limit of detection in the range of 10 nM thiamine, this 
whole-cell sensor had a comparable sensitivity to previously reported whole-cell or 
protein-based sensors for thiamine [460, 461] and the use of the secreted peptide 
pheromone to create the sensor read-out might be beneficial compared to commonly 
employed whole-cell sensor read-out strategies (section 4.5.1). 
 
3.6.2 Quantification of alternative analytes 
Finally, the versatility of hydrophobin-based surface engineering for the development 
of novel immunoassays was evaluated. Using these techniques, it could be 
envisaged to invent novel immunoassays for a wide variety of analytes, including 
peptides, proteins or low molecular weight compounds such as herbicides, 
xenobiotics or explosives. Thus, it was analyzed whether hydrophobin-based 
immunoassays for the detection of an alternative analyte (different from the α-factor 
pheromone) could be developed. As a proof-of-concept, the HA epitope was chosen, 
possibly providing an opportunity to quantify the HA peptide as well as recombinant 
proteins fused to this epitope. These immunoassays could also serve to overcome 
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certain drawbacks of commonly employed protein quantification methods for the 
quantification of recombinant fusion proteins. Several of these methods rely on the 
reactivity of certain amino acid residues with specific substrates, yielding colorimetric 
reactions that can be quantified by absorbance measurements. However, these 
approaches depend on the presence of the reactive amino acids, thereby being 
highly dependent on the amino acid composition of the recombinant protein to be 
quantified. In contrast, the hydrophobin-based immunoassays would detect the HA 
epitope directly, independent on the amino acid composition of the recombinant 
protein. 
 
3.6.2.1 Cloning, expression and purification of EAS-HA 
In order to establish novel immunoassays for the quantification of the HA peptide and 
recombinant proteins fused to it, a third recombinant hydrophobin was created. The 
ORF encoding the recombinant EAS-HA hydrophobin was essentially similar to  
EAS-α, but the 3’ sequence encoding yeast α-factor pheromone was replaced by the 
sequence encoding the HA epitope (Figure 23 a, see Appendix A.4 for DNA and 
amino acid sequence). Similar to EAS and EAS-α, the EAS-HA hydrophobin was 
expressed in E. coli strain T7 SHuffle® lysY (section 2.7.1.1) and purified under 
denaturing conditions by Ni2+ affinity chromatography using the N-terminal (His)6-tag  
(section 2.7.2). Purity and integrity of the recombinant hydrophobin were evaluated 
by Tricine SDS-PAGE and immunological detection (Figure 23 b).  
Upon electrophoretic separation of the recombinant EAS-HA, a predominant signal in 
the molecular weight range of 13 kDa was observed by colloidal Coomassie staining, 
consistent with the calculated molecular weight of the monomeric EAS-HA 
(12.72 kDa [405], Figure 23 b). However, a faint signal in the range of 11 kDa was 
reproducibly seen in purified fractions of EAS-HA, most likely representing a 
degradation product of EAS-HA. As this degradation product was recognized by the 
(His)6-tag antibody but not by the HA-tag antibody, this protein might have 
corresponded to a C-terminal degradation product of EAS-HA. 
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Figure 23. Design and purification of recombinant hydrophobins for the development of novel 
immunoassays to quantify the HA peptide and recombinant proteins fused to it. (a) Schematic 
illustration of the recombinant hydrophobins EAS and EAS-HA. Both proteins encompassed a  
(His)6-tag at the N-terminus and the mature EAS hydrophobin. Additionally, EAS-HA harbored a 
flexible (GGGGS)3 linker element and the HA epitope at its C-terminus. (b) Electrophoretic separation 
of recombinant hydrophobins. Fractions of the purified hydrophobins, corresponding to 3 µg of each 
purified protein, were separated by Tricine SDS-PAGE and proteins were visualized by colloidal 
Coomassie staining or transferred to PVDF membranes and probed with the indicated antibodies. 
 
Similar to EAS and EAS-α, dimers of EAS-HA were observed upon separation in 
Tricine SDS-PAGE. Importantly, both EAS and EAS-HA were detected by the  
(His)6-tag antibody whereas EAS-HA could additionally be detected by the HA-tag 
antibody. These data indicated that the HA-specific antibody was able to recognize 
its cognate antigen upon fusion to the C-terminus of the EAS hydrophobins, 
representing a prerequisite to develop the desired immunoassays. 
 
3.6.2.2 Quantification of the HA peptide and recombinant proteins carrying the HA 
epitope 
Next, competitive and inverse immunoassays for the quantification of the HA peptide 
and of recombinant fusion proteins carrying the HA-tag could be established, 
essentially following the route taken previously to develop immunoassays for the 
quantification of the α-factor pheromone. First, the composition of mixed hydrophobin 
layers consisting of EAS and EAS-HA was simultaneously optimized for high 
antibody coverage and ideal immunoassay sensitivity employing the HA-tag antibody 
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(Figure 24 a). To this end, the antibody coverage of mixed EAS/EAS-HA layers  
(in different molar ratios) was determined to optimize the layer composition. As 
expected, the antibody coverage was dependent on the EAS-HA content of the 
monolayer, and the curve was essentially very similar to the data obtained for mixed 
layers of EAS and EAS-α (compare Figure 9 c with Figure 24 a). For monolayers 
consisting of up to 1.6 % EAS-HA, a rather steep increase in antibody coverage with 
increasing the EAS-HA content was observed. In contrast, further increasing the 
EAS-HA content resulted in relatively constant antibody coverage values. 
Surprisingly, and in marked contrast to the data obtained for mixed EAS/EAS-α 
layers, the highest antibody coverage was obtained for monolayers consisting of 8 % 
EAS-HA, while the antibody coverage slightly declined upon further increasing the 
EAS-HA content (data not shown). This might indicate that EAS-HA formed less 
densely packed monolayers if insufficient EAS monomers were present to act as a 
molecular spacer between the EAS-HA monomers. As the HA-tag contains three 
aromatic and two negatively charged amino acids, self-assembly of EAS-HA into 
densely packed hydrophobin monolayers might be sterically impeded unless the 
mutual interactions between the HA epitopes are shielded by unmodified EAS 
monomers. Nevertheless, these data indicated that 1.6 % EAS-HA represented the 
ideal surface composition for highly sensitive detection of the HA peptide as well as 
of recombinant proteins fused to it. The composition of the optimized EAS/EAS-HA 
hydrophobin layer was therefore identical to the optimized EAS/EAS-α monolayer 
(section 3.2.2).  
Next, competitive and inverse ELISA assays were established to detect and quantify 
the synthetic HA peptide, applying the protocols developed for the detection of the  
α-factor pheromone. A decrease in antibody coverage was observed upon increasing 
the concentration of the HA peptide applied in the competitive immunoassay  
(Figure 24 b), in line with competitive detachment of the HA-tag antibody from the 
hydrophobin-functionalized surface. Utilizing the optimized surface composition 
(1.6 % EAS-HA), a limit of detection of 0.2 µM HA peptide was observed, essentially 
identical to the sensitivity of the EAS/EAS-α based competitive ELISA for the α-factor 
(section 3.2.3). However, the dynamic range for the HA peptide was slightly narrower 
(0.2 – 20 µM HA peptide vs. 0.2 – 100 µM α-factor), and the shape of the calibration 
curve in the semi-logarithmic plot was rather sigmoidal compared to the rather linear 
calibration curve of the α-factor immunoassay in the respective semi-logarithmic plot 
Results 
127 
 
(compare Figure 10 and Figure 24 b). Nevertheless, these data unambiguously 
demonstrated that the competitive ELISA strategy, based on hydrophobin-
functionalized surfaces, can be employed to quantify the HA peptide. 
 
 
 
 
Figure 24. Hydrophobin-based immunoassays for the detection and quantification of the  
HA peptide and recombinant HA-EGFP. (a) Optimization of the hydrophobin layer composition. 
Recombinant hydrophobins EAS and EAS-HA were mixed in different molar ratios and utilized to 
functionalize polystyrene surfaces. The functionalized surfaces were treated with the HA-tag antibody 
and with a HRP-linked secondary antibody subsequently. Antibody coverage was calculated by 
normalizing the values to surfaces consisting of 100 % EAS-HA. (b) Calibration of the competitive 
ELISA for the detection of the HA peptide. Functionalized surfaces consisting of 1.6 % EAS-HA were 
utilized. Antibody coverage was calculated by data normalization to surfaces not treated with the  
HA peptide. (c) Calibration of the inverse ELISA for the quantification of the HA peptide. 
Functionalized surfaces were comprised of 1.6 % EAS-HA. Data normalization was applied to 
calculate the antibody coverage. (d) Calibration of the inverse ELISA for the quantification of the 
recombinant fusion protein HA-EGFP. Functionalized surfaces consisting of 1.6 % EAS-HA were 
employed. Antibody coverage was obtained by normalizing the measured values to samples lacking 
the recombinant HA-EGFP. All plotted values correspond to triplicate measurement of at least two 
experiments. Error bars indicate standard deviation. 
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Likewise, an inverse ELISA was set up to quantify the HA peptide (Figure 24 c). A 
gradual decrease in antibody coverage with increasing the amount of the HA peptide 
was observed, consistent with the inverse ELISA approach. When the optimized 
hydrophobin layer composition (1.6 % EAS-HA) was employed, a lower limit of 
detection of 50 nM HA peptide and a dynamic range of 0.05 – 20 µM HA peptide 
were observed. Remarkably, the inverse ELISA for the HA peptide was only about 
fourfold more sensitive than the competitive ELISA, and both immunoassays covered 
a comparable dynamic range. This was remarkably different from the competitive and 
inverse immunoassays for the α-factor, showing clearly different dynamic ranges and 
sensitivities, with the inverse ELISA being 2000-fold more sensitive than the 
competitive assay (sections 3.2.3 and 3.3.2). These striking differences may result 
from differences between the HA-tag antibody and the α-factor antibody regarding 
their affinity to their cognate antigen or the nature of the antibody (monoclonal HA-tag 
antibodies vs. polyclonal α-factor antibodies, section 4.2.2). However, it should be 
noted that the immunoassays for the HA peptide were not optimized regarding the 
sample matrix composition or physical conditions during the individual reaction steps, 
thus leaving significant room for optimization. Nevertheless, these data clearly 
indicate that both competitive and inverse immunoassays for the quantitative 
assessment of the HA peptide can be developed, suggesting that hydrophobin-based 
surface engineering represents a versatile technique to implement highly sensitive 
and specific immunoassays for a variety of target molecules (section 4.5.2). 
Additionally, the applicability of the inverse ELISA technique for the quantification of 
recombinant proteins carrying the HA epitope was investigated. As a proof-of-
concept, the recombinant fluorescent protein HA-EGFP, harboring an N-terminal  
HA-tag, was used (see Appendix A.5 for DNA and amino acid sequence of  
HA-EGFP). The expression vector pET23b-HA-EGFP, containing the ORF encoding 
the recombinant HA-EGFP, was transformed into E. coli BL21 (DE3) pLysS and 
expression of the HA-EGFP gene was induced by IPTG addition (section 2.7.1.2). 
The recombinant fusion protein was subsequently purified under native conditions by 
Ni2+ affinity chromatography, taking use of the C-terminal (His)6-tag (section 2.7.2.3, 
see Appendix B.3 for examination of the purification process of HA-EGFP). 
Subsequently, a calibration curve of the inverse ELISA for several concentrations of 
the purified HA-EGFP was obtained (Figure 24 d). Evidently, increasing the amount 
of HA-EGFP gradually decreased the antibody coverage, indicating that HA-EGFP 
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could be detected by the inverse immunoassay. Notably, a limit of detection of about 
1 nM HA-EGFP was observed when the optimized hydrophobin layer composition 
(1.6 % EAS-HA) was utilized. Thus, the inverse immunoassay was more sensitive 
towards HA-EGFP than towards the HA peptide, possibly resulting from beneficial 
steric effects or non-specific interaction of the HA-tag antibody and HA-EGFP apart 
from the HA-tag itself.  
Nevertheless, these data revealed that hydrophobin-based immunoassays can be 
applied to determine the concentration of recombinant fusion proteins carrying the 
HA epitope, highlighting the versatility of the hydrophobin-based surface engineering 
approach for the development of novel immunoassays. Thus, it is conceivable that 
the hydrophobin-based surface functionalization technique harbors tremendous 
potential for utilization in commercial biosensor devices capable of detecting various 
target molecules (sections 4.5.2 and 4.5.3). 
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4 Discussion 
 
 
In this study, a novel surface functionalization approach, based on self-assembling 
monolayers of recombinant hydrophobins, was employed to develop two types of 
immunoassays for the detection and quantification of the yeast α-factor pheromone. 
Both the competitive and the inverse immunoassay enabled quantitative assessment 
of the α-factor in a wide dynamic range that could be further tuned by adjusting the 
density of binding sites immobilized on the surface, i.e. the EAS-α content of the 
hydrophobin layer. Due to the superior stability of class I hydrophobin monolayers, 
the hydrophobin-functionalized surfaces could be reused for multiple measurements 
with similar sensitivity. Importantly, the hydrophobin-based immunoassays proved to 
be highly robust against changes in the sample matrix composition, allowing for 
pheromone quantification even in highly complex sample matrices such as yeast 
culture supernatants. Therefore, the pheromone secretion of wild-type and 
engineered S. cerevisiae cells could be studied. Additionally, cells of the fission yeast 
S. pombe were engineered to secrete the α-factor pheromone, yielding a synthetic 
inter-species communication mode, and the hydrophobin-based immunoassays could 
be employed to quantify the α-factor secretion by engineered S. pombe cells. Finally, 
a novel whole-cell sensor was developed, encompassing engineered S. pombe 
sensor cells secreting the α-factor in response to an environmental cue and the 
hydrophobin-based immunoassays to generate the whole-cell sensor read-out. 
Furthermore, the versatility of the hydrophobin-based surface engineering approach 
was demonstrated by developing novel immunoassays for the HA epitope as an 
alternative peptide analyte. In this chapter, the outcomes of this study are discussed, 
and advantages, limitations as well as future perspectives of the hydrophobin-based 
surface functionalization approach are highlighted. 
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4.1 Functionalization of hydrophobic surfaces with recombinant 
hydrophobins 
 
4.1.1 Expression and purification of recombinant hydrophobins 
The performance of hydrophobin-based immunoassays is crucially dependent on the 
surface functionalization with recombinant hydrophobins. Obviously, obtaining the 
recombinant hydrophobins in high purity and yield was an important prerequisite. 
Numerous proteins are able to bind strongly to hydrophobic surfaces, in particular 
due to unfolding and attachment via nonpolar residues. For example, it was reported 
previously that BSA, casein and collagen adsorbed strongly onto hydrophobic 
surfaces without any evidence of protein desorption even upon extensive rinsing 
[462]. Therefore, high amounts of contaminating proteins within the purified 
hydrophobin fractions may affect the density of the hydrophobin-based surface 
functionalization and the quality of the hydrophobin monolayers. Moreover, it was 
shown that β-casein interfered with the formation of interfacial layers by the class II 
hydrophobin HFBII, causing softening and fluidization of the protein layers [463-465]. 
Likewise, the chitin-binding protein cerato-platanin was reported previously to form 
hybrid layers with class I hydrophobins that differed from pure hydrophobin layers in 
several aspects [466]. Thus, it was of crucial importance to obtain the recombinant 
hydrophobins in high purity, allowing for the functionalization of biosensor surfaces in 
a reproducible and stable manner. 
The recombinant hydrophobins EAS and EAS-α employed in this study were 
obtained in high purity upon heterologous expression in E. coli and Ni2+ affinity 
chromatography (section 3.1.1). Heterologous expression in E. coli (e.g. [146, 147, 
246, 303, 467-475]) as well as purification by Ni2+ affinity chromatography  
(e.g. [146, 147, 246, 303, 473, 474, 476]) are commonly employed strategies to 
obtain purified hydrophobins. Thus, established protocols for heterologous 
expression and purification exist, allowing for rapid and facile application to novel 
recombinant hydrophobins. However, the insolubility of hydrophobins is the main 
disadvantage of heterologous expression in bacterial hosts, necessitating elaborate 
extraction, solubilization and purification steps. Previous studies revealed that 
recombinant hydrophobins form inclusion bodies in prokaryotic host cells and hence 
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were found almost exclusively in the insoluble fraction of cell lysates. However, some 
noticeable exceptions exist [153, 155, 164, 469, 471]. As expected, the recombinant 
hydrophobins EAS, EAS-α and EAS-HA were found to form inclusion bodies. 
Although the combination of heterologous expression in a bacterial host and 
purification by Ni2+ affinity chromatography could successfully be applied to yield 
highly pure recombinant hydrophobins (section 3.1.1), future studies might utilize 
alternative approaches for their expression and/or purification, in particular aiming at 
highly cost-effective and easily scalable methods for commercial applications. 
In several studies, recombinant hydrophobins were fused to glutathione  
S-transferase (GST) and expressed in E. coli for subsequent affinity purification 
utilizing glutathione-functionalized matrices [171, 273, 467, 469, 471]. Due to the 
large size of the GST domain, some hydrophobin-GST fusion proteins were found in 
the soluble fraction of E. coli lysates, thereby simplifying the purification procedure 
[469, 471], whereas other hydrophobin-GST fusion proteins formed inclusion bodies 
[171, 273, 467]. In addition, steric issues may limit the applicability of recombinant 
hydrophobins carrying large fusion partners for affinity purification. It has been shown 
that hydrophobins fused to a large globular protein require unmodified hydrophobin 
monomers as molecular spacer to form hydrophobin layers with the characteristic 
features [274, 277-279]. For example, the formation of hydrophobin layers including 
MBP-HFBII – a fusion protein of the class II hydrophobin HFBII and the maltose 
binding protein (MBP) – was dependent on the presence of the unmodified HFBII 
since pure MBP-HFBII did not self-assemble into robust monolayers [277, 278]. 
Thus, fusion of the class I hydrophobin EAS (about 9 kDa) to the large GST tag 
(about 26 kDa [469, 471]) may have an impact on the formation of stable 
hydrophobin layers. Furthermore, the (His)6-tag was exposed at the hydrophobin-
functionalized surface (section 3.1.2.2), which would similarly be expected for large 
fusion partners, possibly restricting the accessibility of the immobilized α-factor  
(or alternative recognition elements) for cognate antibodies. 
Thus, alternative strategies might be employed to obtain recombinant hydrophobins 
in sufficient purity and yield for commercial application. Heterologous gene 
expression was accomplished in fungal hosts, particularly focusing on T. reesei 
[415, 477] and Pichia pastoris (e.g. [253, 263, 307, 408, 410,  476-480]). Taking use 
of the authentic N-terminal signal peptide, the recombinant hydrophobins were 
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secreted into the extracellular environment, significantly simplifying the downstream 
purification protocol. Alternatively, heterologous expression in plants [293, 323-328] 
might be beneficial, given that targeting of the recombinant hydrophobin to the ER 
resulted in the formation of membrane-enveloped protein bodies that could be 
isolated easily and rapidly. 
In addition, various alternative methods have been applied to purify recombinant 
hydrophobins, including preparative high-performance liquid chromatography (HPLC) 
[249, 253, 263, 410, 477, 478], electroelution from preparative electrophoresis [475] 
and foam separation in large scale fermenters [408]. Furthermore, hydrophobins 
have been purified by employing their unique surface activity, taking use of their 
strong interaction with hydrophobic column materials [167] or Teflon microbeads 
[157]. Another technique, based on aqueous two-phase systems (ATPS), could be 
utilized to purify hydrophobins in a convenient and cost-effective manner. Due to their 
unique properties, hydrophobins migrate to the detergent phase of ATPS systems, 
effectively separating them from contaminating proteins accumulating in the aqueous 
phase [293, 324, 326, 327, 481, 482]. Importantly, ATPS systems can easily be 
scaled-up to large volumes [326], making them highly attractive for low-cost mass 
production of recombinant hydrophobins for biosensor commercialization. 
 
4.1.2 Hydrophobin-based surface functionalization 
Hydrophobins can be modified at the N-terminus and the C-terminus [154, 246, 248-
251, 263-265, 283, 294, 312, 408, 471, 483, 484] as well as within the flexible loop 
regions [147] without affecting their self-assembling properties. In fact, even fusion to 
highly polar sequences like the (His)6-tag [246, 248, 303, 408, 414, 415, 472, 476] or 
highly charged peptides [265, 317] does not interfere with the self-assembly process 
of hydrophobins. In line with these studies, water contact angle measurements 
revealed that neither the N-terminal (His)6-tag nor the C-terminal α-factor affected the 
self-assembly of the recombinant hydrophobins (section 3.1.2.1). 
Upon functionalization with the recombinant hydrophobins, hydrophobic polystyrene 
supports showed a clear increase in hydrophilicity. Inversion of the wettability of solid 
substrates upon hydrophobin self-assembly represents a hallmark feature of this 
unique class of proteins [129-135]. In addition, contact angle measurements 
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indicated that the C-terminal α-factor exposed by EAS-α did not seem to influence 
the properties of the hydrophilic face of the hydrophobin. The water contact angles 
obtained for surfaces functionalized with EAS and EAS-α were essentially similar, 
suggesting that the packing densities of respective hydrophobin monolayers are 
comparable. This was further substantiated by analyzing the accessibility of tags 
fused to the hydrophobins (section 3.1.2.2). Similar antibody coverage values were 
obtained for surfaces functionalized with EAS or EAS-α when screened with the 
(His)6-tag antibody, suggesting that the packing density was identical.  
The monolayers formed by the recombinant hydrophobins proved to be highly robust, 
as only a slight increase in the water contact angle was observed upon hot SDS 
treatment (section 3.1.2.1). This was in line with previous reports for several class I 
hydrophobins [158, 213, 251, 257, 263, 280, 331, 396, 412-416], highlighting that the 
recombinant hydrophobins EAS and EAS-α resembled previously reported class I 
hydrophobins regarding the surface activity and the self-assembly into stable 
monolayers. Thus, it could be concluded that the recombinant hydrophobins adopted 
the characteristic hydrophobin fold, even upon heterologous expression in E. coli and 
purification from inclusion bodies. In contrast to class II hydrophobins, dissociating 
from a solid surface by applying detergents, ethanol or pressure [129-135], class I 
hydrophobin layers are extremely robust and require treatment with strong acids 
(100 % TFA or 100 % formic acid) to dissolve. The extremely high stability of the 
hydrophobin-functionalized surfaces might be of advantage for the development of 
immunoassays and biosensors since the functionalized surface will remain 
essentially unchanged even upon extended use (sections 3.2.5 and 4.2.4).  
 
4.1.3 Hydrophobin-based surface engineering for peptide immobilization 
Several previous studies exploited of recombinant hydrophobins to immobilize 
peptides at a functionalized surface [248-251, 263-265]. Likewise, recombinant 
hydrophobins were employed in this study to anchor the α-factor pheromone at a 
functionalized surface. Hydrophobin-based peptide immobilization might represent a 
suitable approach for future applications relying on peptide-based surface 
functionalization. The immobilization of peptides is often a challenging task due to 
their low molecular weight. In fact, non-specific adsorption of peptides may not be 
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feasible as peptides could desorb from the surface over time, possibly affecting 
extended storage and reusability, or may not be accessible any more upon 
adsorption [19, 20, 35]. As the immunoassays developed in this study rely on the 
recognition of the immobilized pheromone by cognate antibodies, appropriate 
orientation and accessibility of the α-factor at the functionalized surface were 
mandatory. Therefore, it was of crucial importance to obtain highly ordered protein 
films that expose the pheromone at the surface in a defined density to ensure 
accessibility for the antibodies. In contrast to other proteins that adsorb to solid 
supports in a random orientation [28], the amphipathic nature of hydrophobins 
causes uniform and predictable attachment to solid surfaces [129-135]. Thus, 
hydrophobins are well suited candidates for the functionalization of surfaces with 
protein layers in a defined and controlled manner. 
A plethora of approaches for the site-specific immobilization of peptides have been 
proposed previously, most of them relying on the regio-selective modification of the 
peptide with a unique functional group subsequently used for immobilization. For 
example, peptides have been immobilized to solid supports by the use of terminal 
epoxy groups [485], cysteine residues [486] or fusion to alkanethiols that  
self-assembled into monolayers [487, 488]. Additional strategies included peptide 
embedding into silk fibroin layers, native chemical ligation, click chemistry or 
Staudinger ligation [19, 27-30, 489]. However, most of these methods depend on 
specific surface chemistries such as the presence of thiol groups [486] and alkynyl or 
azido groups [490, 491] at the substrate surface to ensure immobilization. Favorably, 
hydrophobin-based surface functionalization for peptide immobilization does not 
depend on the surface chemistry since hydrophobins self-assemble into robust 
monolayers at any hydrophobic surface [129-135]. Consistent with this, the 
competitive immunoassay for the α-factor could also be carried out on glass 
substrates modified with hydrophobic silanes or siloxanes (data not shown). Thus, 
the use of hydrophobins may provide an opportunity for more general application in 
protein-based surface engineering techniques, allowing for enhanced flexibility 
regarding the substrate material. 
However, it should be noted that the use of recombinant hydrophobins might be 
laborious and time-consuming in comparison to some of the previously established 
peptide immobilization methods. In particular, suitable hydrophobin fusion proteins 
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need to be designed, expressed in a heterologous host and purified prior to surface 
functionalization. In contrast, solid phase synthesis of peptides and subsequent 
modification with unique functional groups for surface attachment are achieved 
rapidly and with high yields [19, 20]. However, both fermentation of host cells 
producing recombinant hydrophobins [303] and hydrophobin purification [326] could 
be scaled up to industrial levels. Thus, the use of recombinant hydrophobins for 
biosensor surface functionalization is certainly reasonable. 
 
4.1.4 Accessibility and biological activity of the immobilized α-factor 
pheromone 
Determination and prediction of the crystal structure of several hydrophobins 
revealed that both the N-terminus and the C-terminus of hydrophobins are localized 
at the hydrophilic face of the protein [146, 150-152, 492]. Likewise, previous studies 
provided strong evidence that the N-terminus [246, 294, 484, 493] as well as the  
C-terminus [408, 484, 494] point towards the hydrophilic site of hydrophobin 
monolayers and are thus accessible upon self-assembly at a hydrophobic surface. 
The results obtained for hydrophobic surfaces functionalized with EAS and EAS-α 
were consistent with these studies, confirming that both the (His)6-tag and the  
α-factor were exposed at the functionalized surface and thus accessible for 
respective antibodies (section 3.1.2.2). 
Previous reports highlighted that hydrophobins neither show cytotoxic effects towards 
mammalian cells [224, 248-253, 282, 290-294] nor serve as a suitable antigen for 
antibody production in mammals [224, 250, 290, 293]. In line with the biocompatibility 
of hydrophobin-functionalized surfaces, recombinant hydrophobins did not induce 
any obvious detrimental effect on yeast cells (section 3.1.2.3). However, polystyrene 
surfaces functionalized with EAS-α also did not show any evidence of pheromone 
activity towards pheromone-responsive S. cerevisiae reporter cells, pointing at a 
marked difference between the α-factor receptor and the α-factor antibody regarding 
their substrate recognition. Notably, these data were in contrast to several previous 
reports utilizing recombinant hydrophobins fused to specific peptides such as the 
RGD peptide (integrin receptor binding site) [248, 250, 251, 264], the LG3 peptide 
(integrin receptor binding site) [248] or the TPS peptide (peptide binding specifically 
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to human endothelial progenitor cells) [249, 263] for peptide immobilization at a 
functionalized surface. In these studies, the functionalized surfaces exerted the 
specific biological functions attributed to the peptides, indicating that the mammalian 
cells used in the respective studies were able to detect the peptides and to respond 
to this extracellular cue. In contrast, pheromone-responsive S. cerevisiae cells were 
apparently unable to detect the presence of the α-factor when fused to the EAS 
hydrophobin. In addition, these data suggested that the pheromone-responsive yeast 
cells did not secrete a protease capable of cleaving EAS-α to release the intact  
α-factor from the functionalized surface. 
The lack of pheromone activity of solid supports functionalized with EAS-α could not 
be attributed solely to steric issues. Yeast cells are surrounded by a rigid and 
compact cell wall, possibly preventing the interaction of the Ste2p pheromone 
receptor (embedded in the plasma membrane) and the α-factor immobilized at the 
surface. However, spheroblasts (lacking the cell wall due to enzymatic degradation) 
similarly did not show any pheromone response when cultivated on substrates 
functionalized with EAS-α (Appendix B.1), indicating that the lack of pheromone 
activity did not result from restricted accessibility exclusively.  
The N-terminus of the α-factor pheromone seems to be dispensable for binding of the 
pheromone to the Ste2p receptor, but is of crucial importance to induce the 
conformational change of the receptor, thereby triggering the initial step of yeast 
pheromone response [365]. Yeast cells of mating type α lacking the STE13 gene are 
unable to perform N-terminal maturation of the α-factor, secreting pheromone 
molecules with four to six additional N-terminal residues that show at least 100-fold 
reduced biological activity compared to the mature α-factor [355]. Given the severe 
influence of four to six additional N-terminal residues, it is very likely that the 
presence of the EAS hydrophobin at the N-terminus of the α-factor in EAS-α has at 
least a similar effect on the pheromone activity. However, it is unlikely that a 
recombinant hydrophobin carrying the α-factor at its N-terminus would elicit the yeast 
pheromone response since the C-terminally immature α-factor does not show any 
biological activity [354]. Thus, in contrast to ligands detected by mammalian cells 
(see above), the α-factor might not be amenable to immobilization by fusion to 
hydrophobins. 
Discussion 
138 
 
4.2 Establishment of novel immunoassays for quantification of the 
yeast α-factor pheromone 
 
4.2.1 Adjustment of immunoassay sensitivity by modifying the composition of 
mixed EAS/EAS-α hydrophobin layers 
The stability of the class I hydrophobin layers as well as the accessibility of the 
immobilized α-factor towards the cognate antibody were prerequisites for the 
development of hydrophobin-based immunoassays (section 4.1). A competitive 
immunoassay, relying on the competitive detachment of antibodies from 
hydrophobin-functionalized surfaces by excess of the soluble pheromone  
(section 3.2.1), and an inverse immunoassay, based on pre-incubation of the α-factor 
and its cognate antibody and subsequent application to functionalized surfaces 
(section 3.3.1), were established and successfully applied for pheromone 
quantification. Evidently, optimum performance of both immunoassays was obtained 
when mixed hydrophobin layers encompassing EAS and EAS-α in a defined molar 
ratio were applied. It has been suggested previously that the density of the 
recognition elements immobilized at a functionalized surface should be considered to 
balance the influences of high surface density (maximum signal intensity) and low 
surface density (maximum assay sensitivity) for the development of bioassays with 
superior sensitivity [12]. Thus, careful optimization of the density of the EAS-α 
content was important to gain optimum performance of the novel hydrophobin-based 
immunoassays (section 3.2.2). 
Although investigating a different parameter (enzyme activity instead of antibody 
coverage), Takatsuji et al. recently confirmed the importance of hydrophobin layer 
optimization [274]. The authors generated mixed hydrophobin layers consisting of the 
class II hydrophobin HFBI and a derivative fused to glucose oxidase (GOx) to 
immobilize the enzyme at the functionalized surface. Importantly, the enzymatic 
activity of protein layers consisting exclusively of GOx-HFBI was clearly lower than 
the activity obtained for mixed hydrophobin layers, and the highest enzyme activity 
was achieved for monolayers comprised of 5 – 50 % GOx-HFBI [274]. 
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Mixed hydrophobin layers featuring a hydrophobin fused to a target compound – a 
protein of interest [274, 277-279, 321] or a gold nanoparticle [314] – and an 
unmodified hydrophobin as a molecular spacer have been reported previously. In 
several studies, the fused target compound was significantly larger than the 
hydrophobin itself, and the formation of protein layers consisting exclusively of the 
fusion protein was sterically impeded. Thus, the unmodified hydrophobin was 
indispensable to allow for the formation of stable hydrophobin layers [274, 277, 278]. 
Owing to the low molecular weight of the α-factor pheromone, the recombinant  
EAS-α employed in this study was able to form robust monolayers without the need 
for unmodified EAS (section 3.1.2.1). Thus, the use of peptides as a fusion partner 
provided a higher flexibility in terms of hydrophobin layer composition, given that EAS 
and EAS-α were able to co-assemble into stable hydrophobin layers in any molar 
ratio. 
The optimized hydrophobin layers featured a surprisingly low amount of EAS-α 
(1.6 % molar content) and an excess of unmodified EAS monomers (section 3.2.2). 
These results might be attributed to the large difference in the size of antibodies [424] 
and hydrophobins [146]. Kwan et al. determined the diameter of the EAS 
hydrophobin in its soluble form (2.7 nm [146]), but the surface area occupied by a 
hydrophobin monomer upon self-assembly might be even lower, given that 
hydrophobins self-assemble into densely packed monolayers [131]. However, it 
should be noted that the hydrophobin layer composition was optimized for an  
ELISA-like approach that included a secondary HRP-linked antibody, implying that 
accessibility of the α-factor antibodies to the respective secondary antibodies was 
similarly important. It cannot be ruled out that the ideal hydrophobin layer 
composition for alternative read-out technologies not relying on a secondary antibody 
(e.g. based on labelled α-factor antibodies or on alternative transducers,  
section 4.5.3) would significantly differ from the ideal surface composition determined 
in this study. Almost identical data were obtained for mixed layers of EAS-HA and 
unmodified EAS (section 3.6.2.2), indicating that the packing density of EAS/EAS-α 
monolayers and EAS/EAS-HA monolayers may not be significantly different. 
Employing the optimized surface composition allowed for the detection of  
0.2 µM α-factor and 0.1 nM α-factor in the competitive and inverse immunoassay, 
respectively. Importantly, the dynamic range and sensitivity of both assays could be 
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tuned precisely by adjusting the amount of EAS-α within the hydrophobin monolayers 
(sections 3.2.3 and 3.3.2). This could be of particular importance for quantitative 
determination of high α-factor concentration, close to the upper limits of the dynamic 
range. In this regime, non-specific binding of antibodies to the functionalized surfaces 
was not negligible (see below). This limitation could be overcome by increasing the 
EAS-α content of the hydrophobin layer, thereby shifting the dynamic range of the 
assay towards higher pheromone concentrations. 
Non-specific binding of antibodies to hydrophobin-functionalized surfaces was 
evident upon assessing the accessibility of tags fused to the recombinant 
hydrophobins. Remarkably high antibody coverage values were obtained when the  
α-factor antibody was applied to hydrophobin-functionalized surfaces consisting of 
EAS exclusively (i.e. lacking EAS-α, section 3.1.2.2). Similarly, non-specific binding 
might also be responsible for the flattening of the calibration curve upon employing 
the optimized hydrophobin surfaces (1.6 % EAS-α) for the detection of very high 
pheromone concentrations (50 – 100 µM α-factor) in the competitive ELISA  
(section 3.2.3). Previous studies highlighted that the adsorption of antibodies [280-
282], enzymes [286] and fluorinated polymers [495] on hydrophobin layers was 
highly pH-dependent and most efficient when the hydrophobin layers and the target 
compound were oppositely charged. The recruitment of enzymes to hydrophobin 
layers, based on ionic interactions, is also employed by certain pathogenic fungi to 
immobilize degrading enzymes such as cutinases at their cellular surface [219, 220]. 
Monolayers of the recombinant EAS (with a calculated isoelectric point of 6.62 [405]) 
had a slightly negative net charge in PBS-T (pH 7.4), whereas IgG antibodies 
typically show an isoelectric point of 7.0 – 10.0 [496] and were hence expected to be 
positively charged under these conditions. Thus, non-specific attachment of the 
antibodies to hydrophobin layers might predominantly be mediated by ionic 
interactions. Future studies might investigate suitable strategies to weaken the  
non-specific interaction between the antibodies and the hydrophobin layer, possibly 
by performing the immunoassays in high-salt conditions that have been shown 
previously to effectively decrease protein adsorption to hydrophobin layers [281].  
Future experiments may address the lateral composition of mixed hydrophobin layers 
with nanometer resolution. Although the formation of stable mixed layers of EAS and 
EAS-α was evident, their exact molecular composition remained elusive. In particular, 
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it should be determined if EAS-α was homogeneously integrated into the monolayer 
or if both hydrophobin variants clustered into distinct domains that assembled on the 
substrate side-by-side. Clustering was observed previously for class I hydrophobins 
and class II hydrophobins that were allowed to self-assemble at a common substrate 
[407], whereas the class II hydrophobin HFBII fused to MBP (MBP-HFBII) was 
homogeneously integrated into mixed layers with unmodified HFBII [277, 278]. 
However, the latter studies used fluorescent MBP-specific antibodies to evaluate 
layer homogeneity. Given that an individual antibody is far larger than a hydrophobin 
monomer, small clusters of MBP-HFBII would not have been resolved. Topography 
and recognition imaging (TREC) might represent a suitable technique to overcome 
these limitations [497]. This method is based on atomic force microscopy (AFM), but 
features an AFM tip modified with a specific recognition element (e.g. an antibody) to 
allow for mapping of individual molecular recognition events with nanometer 
resolution. This technique has been applied previously to study the molecular 
organization of mixed layers of self-assembling bacterial S-layer proteins 
(encompassing monomers of the S-layer proteins fused to the Strep-tagII and 
unmodified S-layer monomers [498]). Although the S-layer proteins employed in the 
previous study were far larger than hydrophobin monomers (four monomers of the  
S-layer protein self-assembled with square-lattice symmetry with a center-to-center 
spacing of 14 nm [498]), it would be conceivable to apply the TREC approach to 
study the molecular organization of EAS/EAS-α mixed hydrophobin layers. 
 
4.2.2 Comparison of the competitive and the inverse immunoassay 
Both the competitive and the inverse ELISA allowed for the quantification of the yeast 
α-factor pheromone with unique but partially overlapping dynamic ranges. While the 
competitive immunoassay covered a dynamic range of 0.2 µM – 100 µM α-factor 
(section 3.2.3), the inverse ELISA enabled the detection and quantification of 
0.1 nM – 1 µM α-factor (section 3.3.2). Additionally, both techniques provided the 
opportunity to shift the dynamic range towards higher pheromone concentrations by 
increasing the EAS-α content of the hydrophobin layer employed for the 
measurements (section 4.2.1). Nevertheless, there was an obvious difference in the 
sensitivity of both immunoassays that might be attributed to the strong interaction 
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between antibodies and their cognate antigens, typically showing very low 
dissociation constants [426-428].  
In the competitive ELISA approach, the antibodies were first immobilized at the 
surface via interaction with EAS-α and subsequently detached from the surface due 
to the presence of excess of the α-factor in solution, implying that the preformed 
complex of the antibody and EAS-α had to dissociate (section 3.2.1). In contrast, in 
the inverse ELISA method, available antigen binding sites of the antibodies were first 
occupied by the dissolved α-factor and the entire mixture of antibodies and soluble 
pheromones was applied to the hydrophobin-functionalized surfaces subsequently 
(section 3.3.1). Thus, whereas the competitive ELISA featured the formation and 
dissociation of antigen-antibody complexes, the inverse ELISA solely relied on their 
formation. It is conceivable that the difference in the reaction mode was the major 
reason for the difference in the assay sensitivity.  
The differences in the reaction mode between the competitive and inverse ELISA 
were also reflected by an opposite dependency on competition between the soluble  
α-factor and immobilized pheromones. Whereas competition was mandatory for the 
functionality of the competitive immunoassay, it had a detrimental effect on the 
performance of the inverse ELISA. As competition in the hydrophobin-based 
immunoassays was dependent on Brownian motion, the efficiency of competition 
could be controlled by the temperature (section 4.2.3). Performing the competition 
step at elevated temperatures resulted in an increase in competition efficiency of the 
competitive ELISA. In contrast, the second reaction step of the inverse ELISA  
(i.e. the immobilization of antibodies with available binding sites) was carried out at 
4 °C to limit the influence of competition. Nevertheless, an influence of competition 
was still obvious in the inverse immunoassay. Without the effect of competition, the 
sensitivity of the inverse ELISA would not be expected to depend on the density of 
immobilized pheromone molecules (i.e. on the EAS-α content) above a certain 
threshold, given that the inverse ELISA solely relied on the binding of antibodies that 
carry available binding sites. However, the slope of the calibration curve decreased 
considerably if hydrophobin layers with increased EAS-α content were employed 
(section 3.3.2), indicating that competition was not negligible. This hypothesis was 
further confirmed by considering the molar ratio of pheromone molecules and 
antibodies. An equimolar ratio of the α-factor and its cognate antibody would be 
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achieved at 2.67 nM α-factor, assuming a molecular weight of the antibody of 
150 kDa [499]. As IgG antibodies harbor two antigen binding sites, all available 
antigen binding sites of the antibodies would theoretically be occupied by applying 
5.34 nM α-factor and attachment to the hydrophobin-functionalized surfaces would 
not be possible if higher pheromone concentrations were present. However, the 
dynamic range of the inverse ELISA strikingly exceeded this value, indicating that 
competition contributed considerably to the behavior of the inverse ELISA. 
It should be noted that the differences in the sensitivity of the competitive and inverse 
ELISA for the detection of HA peptides were far less pronounced, given that the 
inverse ELISA was only about fourfold more sensitive for the HA peptide and both 
immunoassays essentially covered a similar dynamic range (section 3.6.2.2). 
Hypothetically, the interaction between EAS-HA and the HA-tag antibody might be 
comparatively weak, showing high dissociation constants that would allow for efficient 
dissociation of the complex between the antibody and EAS-HA during the 
competition step. In this scenario, the HA peptide would represent the highly 
preferred antigen for the HA-tag antibody, resulting in high competition efficiencies. In 
support of this, the HA-tag antibody used in this study is characterized by a high 
affinity for the cognate antigenic peptide, showing a dissociation constant of 10-8 M 
[500]. However, further experiments should be carried out to validate this hypothesis. 
In this regard, it should be mentioned that the immunoassays for the HA peptide were 
not optimized concerning the sample matrix composition, leaving significant space for 
optimization of these immunoassays. Nevertheless, both competitive and inverse 
immunoassays could be conducted to quantify the α-factor as well as the HA peptide, 
implying that hydrophobin-based immunoassays may be invented to detect various, 
highly different analytes (section 4.5.2). 
 
4.2.3 Robustness of the hydrophobin-based immunoassays against varying 
sample matrix conditions 
Remarkably, both the competitive and the inverse immunoassay were highly robust 
against changes in the sample matrix composition (sections 3.2.4 and 3.3.3), 
allowing for α-factor quantification independent on the pH value, the ionic strength or 
the detergent concentration of the sample matrix. However, the influence of the  
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pH value on the signal intensity (i.e. the recorded absorbance values) should be 
examined in further detail. Compared to neutral or alkaline surroundings, the 
absorbance values were clearly decreased when the immunoassays were carried out 
in acidic conditions. In contrast, the influence of the pH value was not evident upon 
data normalization, indicating that both immunoassays were functional in acidic 
environments, albeit with lower signal intensity. Although partial denaturation of the 
antibodies in acidic conditions cannot be ruled out, it is tempting to speculate that the 
pH-dependent reduction in the affinity between the antibodies and the hydrophobin 
layer was caused by the (His)6-tag exposed at the hydrophobin-functionalized 
surface. 
Upon functionalization of hydrophobic supports with EAS and EAS-α, the N-terminal 
(His)6-tag was accessible for cognate antibodies (section 3.1.2.2), in line with the 
(His)6-tag exposed at the functionalized surface. As histidine residues possess a  
pKa value of about 6.0, the imidazole side chains are essentially uncharged in neutral 
or alkaline conditions but become positively charged if the pH drops below 6.0. Thus, 
in acidic environments, the hydrophobin layer was expected to expose positive 
charges at the surface in high density. Although obvious effects on the stability or 
packing density of the hydrophobin layer were not observed, the charge cluster at the 
surface might reduce the affinity of the antibodies to the hydrophobin layers. As 
mentioned above, the adsorption of proteins on hydrophobin layers is most efficient 
when both are oppositely charged [280-282, 286]. However, due to their high 
isoelectric point, IgG antibodies are also positively charged in acidic surroundings 
[496], resulting in electrostatic repulsive forces between the hydrophobin layer and 
the antibodies. It is plausible that the reduced absorbance values determined in 
acidic conditions reflected these electrostatic repulsive forces. Utilizing recombinant 
hydrophobins lacking the (His)6-tag, either by exploiting alternative fusion partners for 
protein purification (section 4.1.1) or by enzymatic cleavage of the recombinant 
hydrophobins to remove the (His)6-tag, would provide suitable opportunities to 
unambiguously clarify the influence of the (His)6-tag.  
Analyzing the impact of the temperature during the competition step and the viscosity 
of the sample matrix revealed that the sensitivity of the competitive ELISA was mostly 
limited by Brownian motion, whereas the interactive forces between the antibody and 
EAS-α were of minor importance in this regard (section 3.2.4). In this study, the 
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competitive ELISA was performed under static conditions in 96-well microplates, 
implying that diffusion of the soluble α-factor to the functionalized surface and of 
detached antibodies into the bulk solution were solely driven by Brownian motion. A 
simple mathematical consideration revealed Brownian motion as a limiting 
parameter: Assuming a diameter of each hydrophobin monomer of 2.7 nm (diameter 
of EAS in solution [146]), a hydrophobin layer consisting of 25 × 25 monomers would 
cover an area of 67.5 nm × 67.5 nm including ten EAS-α monomers for the optimized 
surface composition (1.6 % EAS-α). As mentioned above, hydrophobins are tightly 
packed upon self-assembly [131], and the covered surface area might actually be 
even lower. Upon addition of 10 µM α-factor, 1.85 individual α-factor molecules would 
statistically be present in a cube of the respective dimensions (67.5 nm edge length). 
Thus, the majority of antibody binding sites would be immobilized at the surface  
(ten EAS-α monomers vs. 1.85 soluble pheromone molecules). However, the 
antibody coverage in the competitive ELISA measurements was reduced to 
48.7 ± 2.6 % using this pheromone concentration, implicating that more than half of 
the antibodies were detached by the pheromone treatment. Thus, in a static system, 
the diffusion of the pheromone to the functionalized surface, triggering competitive 
antibody detachment, could not be neglected. 
Therefore, increasing the diffusivity could be a promising approach to significantly 
enhance the sensitivity of the competitive ELISA. Increasing the efficiency of 
Brownian motion in a static system is limited (section 3.2.4), as further raising the 
temperature caused antibody denaturation and decreasing the viscosity of an 
aqueous solution is not straightforward. In addition, increasing the duration of the 
competition step was not desirable as it would result in an elevated time demand of 
the assay. Furthermore, doubling the time frame of the competition step did not alter 
the sensitivity of the competitive ELISA (data not shown). Transferring the 
competitive immunoassay approach to a fluidic system with a constant fluid stream 
might be an option to considerably improve the assay performance. Embedding the 
competitive immunoassay technology into microfluidic systems would be of particular 
interest, given the inherent advantages of microfluidic systems such as narrow 
sample volumes and the opportunity to implement miniaturized systems [7, 12]. In a 
constant fluid stream, active transport of the α-factor to the functionalized surface and 
removal of detached antibodies from the system may significantly reduce the assay 
time and enhance the sensitivity. Thus, it would be of high interest to develop 
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microfluidic devices encompassing hydrophobin-based competitive immunoassays, 
in particular for the establishment of miniaturized devices. 
 
4.2.4 Reusability of hydrophobin-functionalized surfaces 
The possibility to reuse the functionalized surfaces for multiple measurements with 
comparable sensitivity represented one of the main advantages of the hydrophobin-
based immunoassays (section 3.2.5). Reusability of functionalized surfaces is highly 
desirable for the development of commercial biosensors with reasonable  
cost-efficiency [6, 18, 32]. In particular, if the biological functionalization of the 
biosensor surface cannot be produced at very low cost, single-use devices are 
economically not of interest, raising a tremendous demand for surface reusability 
[18]. Consequently, reuse of functionalized surfaces has been demonstrated in 
several studies aiming for sustainable and cost-effective biosensors [429, 487, 488]. 
However, regeneration of functionalized surfaces, in particular for immunoassays 
employing antibodies or antibody fragments, is a highly challenging task. As antigen-
antibody complexes have very low dissociation constants [426-428] and antibodies 
are comparatively stable, appropriate regeneration protocols typically involve harsh 
conditions to denature the antibodies, possibly affecting the stability and activity of 
the functionalized surface [18, 32].  
The use of class I hydrophobins for surface functionalization may represent a striking 
advantage in this regard since these proteins self-assemble into highly robust 
monolayers [129-135]. However, a recent study by Soikkeli et al. suggested that the 
use of class II hydrophobins for biosensor surface functionalization may also be 
advantageous for certain applications [265]. The authors argued that the hydrophobin 
layer could be removed easily after one measurement and the transducer surface 
could be re-functionalized with hydrophobins prior to a second measurement. This 
approach would offer the possibility to select the surface functionalization of a single 
transducer element immediately before the measurement is carried out. However, the 
stability of the biosensor against adverse sample matrix effects was not evaluated in 
this study [265]. It is conceivable that certain compounds, especially those present in 
complex sample matrices such as yeast culture supernatants, soil extracts or blood 
serum, might affect the class II hydrophobin layers in undesired ways, thereby 
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influencing the biosensor read-out. Thus, the utilization of class I hydrophobins like 
EAS and its derivatives may be more suitable for the development of robust 
biosensor devices. 
Upon selective denaturation of the antibodies, EAS/EAS-α functionalized surfaces 
could be used for repeated competitive ELISA measurements without significantly 
affecting the sensitivity of the assay (section 3.2.5), indicating that class I 
hydrophobin layers were able to withstand the antibody denaturation procedure. 
However, close examination revealed that a slight increase in background signal was 
evident with an increasing number of stripping cycles (section 3.2.5), possibly caused 
by non-specific adsorption of denatured antibodies on hydrophobin layers that may 
still be recognized by secondary antibodies. An increase in background signal, 
resulting from irreversible adsorption of denatured antibodies, has similarly been 
observed in previous studies employing peptide-functionalized surfaces [487,488].  
A loss in signal height of about 30 – 40 % was evident after the first stripping cycle 
(Appendix B.2). Water contact angle measurements (section 3.1.2.1) suggested that 
this effect might be attributed to partial extraction of the hydrophobins by hot SDS 
treatment, a phenomenon previously observed for numerous class I hydrophobins 
[158, 213, 251, 257, 263, 280, 331, 396, 412-416]. In these studies, quantitative 
analysis revealed that varying amounts of the hydrophobins were extracted, 
depending on the respective hydrophobin, the surface functionalization method, the 
substrate and the exact parameters of the hot SDS treatment. Consequently, the 
values reported in several studies differ dramatically, ranging from 7 – 85 % [158, 
251, 331, 416] of the hydrophobin monomers detaching from the surface upon hot 
SDS treatment. The data obtained in this study suggested that 30 – 40 % of the 
recombinant hydrophobins were extracted during the first stripping cycle. Since water 
contact angle measurements revealed that the resistance of EAS and EAS-α towards 
hot SDS treatment was essentially similar (section 3.1.2.1), it could be assumed that 
both hydrophobins were extracted with similar efficiency. Remarkably, no further 
reduction in signal intensity was evident after subsequent stripping cycles  
(Appendix B.2), indicating that significant hydrophobin extraction did not occur during 
further stripping events. Taken together, these data unambiguously revealed that the 
hydrophobin-functionalized surfaces were sufficiently robust to allow for repeated use 
for competitive immunoassays with comparable sensitivity. In fact, hydrophobin-
Discussion 
148 
 
functionalized surfaces could also be used for repeated inverse ELISA 
measurements and even performing competitive and inverse immunoassays 
alternately was feasible (data not shown), highlighting the flexibility of the 
functionalized surfaces for application in both immunoassays. 
 
4.2.5 Comparison with previously established pheromone quantification 
methods 
With a limit of detection of 0.1 nM α-factor, the inverse ELISA represented the most 
sensitive bioassay for the quantification of the α-factor pheromone currently 
available. Numerous approaches have been reported to quantitatively assess the 
presence of the pheromone, most of them focusing on the biological activity of the  
α-factor towards pheromone-responsive reporter cells. The limits of detection as well 
as the dynamic ranges of several methods for pheromone quantification are plotted in 
Figure 25. However, some of the previously developed assays were omitted if they 
were highly laborious, time-consuming and/or semi-quantitative and are thus not 
suitable for application in biosensor devices. 
 
4.2.5.1 Quantification of the yeast pheromone based on its biological activity 
Several studies analyzed the pheromone response of wild-type or engineered 
reporter cells depending on the pheromone concentration, yielding dose-response 
curves that enabled quantification of the pheromone. Most of these studies took use 
of pheromone-induced promoter elements to trigger the expression of a reporter 
gene, resulting in the intracellular accumulation of a reporter protein that could easily 
be quantified. This approach was also utilized in this study to semi-quantitatively 
analyze the α-factor activity of surfaces functionalized with EAS-α (section 3.1.2.3) 
and to study the α-factor secretion of engineered S. pombe cells (sections 3.5.2 and 
4.4.3). Fluorescent proteins were most commonly employed [96, 366, 384, 420, 421, 
431, 439, 501-506], but the use of luciferases [97] or β-galactosidases [507, 508] has 
also been reported. To mediate pheromone-responsive expression, the reporter 
genes were placed downstream of pheromone-induced promoter elements derived 
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from yeast genes such as FUS1 [96, 97, 366, 384, 421, 431, 439, 503, 507, 508],  
FIG1 [96, 97, 501, 504] or PRM1 [420, 502, 505, 506]. 
In these studies, expression of the reporter gene was assessed by optical sensor 
devices, determining mean values for the entire cell population or analyzing individual 
cells (e.g. via flow cytometry or microscopy and image analysis [420, 431, 502, 505]). 
The limit of detection obtained in these assays differed according to the genotype of 
the pheromone-responsive reporter cells and the employed read-out technology 
(Figure 25). Pheromone response of wild-type cells was detected for α-factor 
concentrations of at least 0.1 – 0.5 µM α-factor [366, 384, 431, 439, 501, 503], while 
pheromone-hypersensitive reporter strains responded to pheromone concentrations 
as low as 5 – 10 nM α-factor [96, 97, 366, 384, 431, 439, 501, 503, 507] (Figure 25). 
Pheromone-hypersensitive reporter cells were obtained by numerous different 
approaches, e.g. by deletion of SST2 [96, 97, 439, 501, 503, 507]. In S. cerevisiae, 
Sst2p is responsible for accelerating the GTP hydrolysis rate of the Gα subunit as an 
important step during pheromone signal adaptation and recovery from cell cycle 
arrest [509]. Other studies [366, 384, 431] employed the pheromone-hypersensitivity 
of Δbar1 strains lacking the extracellular protease responsible for α-factor 
degradation [370]. Additionally, cells carrying the gpa1-Ser302 allele [508] or 
encoding C-terminally truncated forms of the Ste2p α-factor receptor [510, 511] 
proved to be pheromone-hypersensitive. 
The limits of detection reported for pheromone-hypersensitive reporter cells  
(5 – 10 nM α-factor, Figure 25) were strikingly consistent with the dissociation 
constant of the Ste2p pheromone receptor and the α-factor (2 – 13 nM [510-513]). 
However, the sensitivity of pheromone-response assays could be increased by an 
engineered positive feedback loop [501]. In this design, the initially weak pheromone 
response in the presence of low α-factor concentrations was amplified by placing the 
STE4 gene (encoding the Gβ subunit) under the transcriptional control of the  
FIG1 promoter. Pheromone-induced overexpression of STE4 resulted in an excess of 
free Gβγ dimers, substantially reinforcing the signal. By this approach, the limit of 
detection could be reduced to 0.5 nM α-factor in Δsst2 strains [501] (Figure 25). 
An alternative approach to increase the sensitivity for the α-factor pheromone was 
realized by microscope-based cytometry [420, 502, 505]. This technique is based on 
a fluorescence microscope equipped with a high-quality CCD-camera and highly 
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sophisticated, customized image analysis to allow for the quantification of a single 
fluorescent molecule per image pixel [502]. By employing this technique, 
concentrations as low as 0.3 nM α-factor could be detected based on the pheromone 
response of Δbar1 strains carrying reporter gene constructs relying on the PRM1 
promoter (Figure 25). 
Figure 25. Limits of detection and dynamic ranges of different methods for α-factor 
quantification. The dynamic range of the indicated methods is plotted according to the results 
obtained in this study for the competitive ELISA (section 3.2.3), the inverse ELISA (section 3.3.2) and 
HPLC (Appendix B.4) or according to the values reported in the respective studies (see text for further 
information). Methods based on the biological activity of the pheromone are highlighted in orange, 
direct pheromone quantification methods are marked in blue. 
 
Further approaches for the quantification of the yeast pheromone were based on the 
quantitative analysis of mating projection formation. In contrast to the pheromone-
dependent reporter gene approaches, which show a graded dose-response curve, 
the formation of mating projections represents an all-or-nothing response [514], 
showing a very narrow dynamic range for pheromone quantification. By employing a 
modified version of the Ste5p scaffold protein (encoded by the STE5ND allele) that 
does not allow for the interaction between the Ste5p scaffold and the MAPK Fus3p, 
Malleshaiah et al. transformed the all-or-nothing response into a graded dose-
response curve, enabling the quantification of the α-factor in a wide dynamic range 
(10 nM – 10 µM α-factor, Figure 25) [514]. However, quantitative assessment of 
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shmoo formation requires high-resolution microscopy and sophisticated image 
analysis and may therefore not be suitable for the use in biosensor devices. 
Further approaches to quantify the yeast pheromone by evaluating the response of 
pheromone-reporter cells included the detection of pheromone-induced cell 
agglutination [510, 515, 516], assessment of Fus3p phosphorylation status by 
quantitative immunoblotting [517] or analysis of the pheromone-induced cell cycle 
arrest based on the halo assay, i.e. the formation of a growth inhibition zone around 
a pheromone source applied on an agar plate on which pheromone-responsive cells 
have been streaked [365, 510, 511, 518]. However, these assays are far too 
laborious and time-consuming for application in biosensors and do not allow for  
high-throughput screening. Additionally, halo assays are particularly dependent on 
the environmental conditions, including temperature, incubation time, depth and 
composition of the medium and the number of cells streaked onto the plates [433], 
thus necessitating highly reproducible conditions.  
In addition to being less sensitive and more time-consuming than the immunoassays 
developed in this study, cell-based assays often suffer from a comparatively narrow 
dynamic range (Figure 25). Moreover, large cell-to-cell variations are typically 
observed, especially in the presence of very low pheromone concentrations 
[420, 421]. On the other hand, very high pheromone concentrations (≥ 60 µM α-factor 
for wild-type cells) were reported to cause programmed cell death in a subpopulation 
of pheromone-responding cells [519-521], thus posing the upper limit of pheromone 
concentrations that can be quantified. 
 
4.2.5.2 Direct quantification of the α-factor pheromone 
The α-factor pheromone could also be detected and quantified by highly 
sophisticated analytical chemistry methods. For example, HPLC [522] and mass 
spectrometry [434, 436] have been applied previously to detect the α-factor and its 
degradation products. Both techniques offer the possibility to detect the pheromone 
in very low sample volumes and to distinguish between the mature α-factor and 
related peptides, including proteolytic products and immature derivatives, whereas 
cell-based assays and the hydrophobin-based immunoassays do not allow to 
unambiguously identify all pheromone-related peptides. HPLC analysis was also 
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carried out in this study (Appendix B.4) to accurately quantify the α-factor based on 
its UV absorbance (due to the presence of aromatic amino acids) and its fluorescent 
properties (based on the intrinsic fluorescence of tryptophan residues). However, a 
limit of detection of about 20 µM α-factor was determined, about 100-fold and 
200,000-fold higher than for the competitive and inverse ELISA technique, 
respectively (Appendix B.4, Figure 25). Mass spectrometry analysis was reported to 
be semi-quantitative, rendering precise pheromone quantification difficult [434]. In 
addition, as HPLC analysis and mass spectrometry require highly expensive 
instruments and are not amenable to miniaturization, their use is restricted to 
analytical laboratories and they cannot be integrated into field-deployable devices.  
Numerous studies employed radioactively labeled α-factor, in combination with 
immunoprecipitation, HPLC or thin layer chromatography [350-352, 368, 440, 523]. 
Although radioactive labelling provides an opportunity to eminently increase the 
sensitivity, the use of radioactive labels is highly prohibitive for field-deployable, 
hand-held biosensor devices, owing to safety and waste disposal issues. Recently, 
an indirect ELISA method for the quantification of the α-factor pheromone was 
proposed [433] (Figure 25). In this approach, the α-factor was non-specifically 
adsorbed to polystyrene surfaces and the amount of adsorbed pheromone was 
subsequently quantified by the use of the α-factor antibody and a cognate secondary 
antibody. However, this assay required the use of specifically modified polystyrene 
microplates to achieve pheromone adsorption, and repeated use of these surfaces 
was not reported. Non-specific pheromone adsorption to the polystyrene plates 
required overnight incubation, rendering this assay more time-consuming than the 
hydrophobin-based immunoassays. Most importantly, the inverse ELISA technique 
was superior to the indirect ELISA [433] regarding the limit of detection  
(0.1 nM α-factor in the inverse ELISA vs. 1.2 nM α-factor in the indirect ELISA) and 
the dynamic range (0.1 – 1,000 nM α-factor in the inverse ELISA vs. 1.2 – 600 nM  
α-factor in the indirect ELISA, Figure 25). The indirect ELISA might also suffer from 
the lack of control regarding the orientation of the adsorbed pheromone. Due to  
non-specific pheromone adsorption, the α-factor may desorb over time and/or the 
epitope may be buried upon adsorption, thereby preventing pheromone recognition 
by the α-factor antibody. 
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In summary, the competitive and inverse immunoassays developed in this study were 
suitable to overcome a number of limitations of previously established pheromone 
quantification assays. Combining the competitive and the inverse ELISA approaches 
allowed for covering a wide dynamic range of α-factor concentrations (six orders of 
magnitude, Figure 25) that cannot be covered by any alternative method proposed so 
far. Both assays offered the unique possibility to tune the dynamic range and the 
sensitivity and enabled repeated use of the functionalized surfaces. Additionally, the 
immunoassays developed in this study might be amenable to miniaturization and 
compatible with numerous sophisticated transducer technologies (section 4.5.3) to 
yield portable devices for pheromone quantification. Thus, hydrophobin-based 
immunoassays might be valuable tools to detect and to quantify the yeast 
pheromone in basic research studies as well as in applied science, focusing e.g. on 
the development of novel whole-cell sensor read-out technologies (sections 3.6.1 
and 4.5.1). As hydrophobin-based immunoassays were not restricted to the α-factor 
(section 3.6.2.2), they may be adapted to various analytes of choice, thereby 
providing broad applicability of the hydrophobin-based surface engineering 
technology for biosensor development. 
 
 
4.3. Evaluation of the pheromone secretion of wild-type and 
engineered S. cerevisiae strains 
 
4.3.1 Pheromone secretion of wild-type S. cerevisiae cells 
As the inverse ELISA enabled highly sensitive quantification of the α-factor 
pheromone largely independent on the sample matrix composition, this technique 
was ideally suited to quantify the α-factor in the culture supernatants of wild-type and 
engineered S. cerevisiae cells. First, the inverse ELISA was first applied to study the 
pheromone secretion of wild-type S. cerevisiae cells of both mating types. 
As expected, no α-factor pheromone could be detected in the culture supernatants of 
a-type yeast cells (section 3.4.2). As both α-factor pheromone precursor genes 
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(MFα1 and MFα2) are α-specific genes, their expression requires the presence of the 
α1 transcriptional activator encoded by the MATα allele [338, 340-343]. Thus, neither 
MFα1 nor MFα2 are expressed in a-type cells carrying the MATa allele at the mating 
locus. Consequently, a-type cells do not secrete the α-factor, consistent with the data 
obtained by inverse ELISA measurements. Hence, these measurements revealed 
that the inverse ELISA was highly selective for the α-factor pheromone even in rather 
complex sample matrices such as yeast culture supernatants. 
In contrast, α-type cells accumulated about 30 – 50 nM α-factor in the culture 
supernatants (section 3.4.2), comparable to previously reported values calculated on 
the basis of simulations [431]. Consistent with α-factor secretion at a constant rate 
[431-433], pheromone concentrations in the culture supernatants paralleled the 
growth behavior of the α-type cells within the first 8 – 10 h. Upon entry into the 
stationary phase, the pheromone concentration declined, indicating that the α-factor 
was degraded by the α-type cells. It was reported previously that the α-factor activity 
in the supernatants of α-type cells does not correlate with the cell density of the 
culture upon entry into the stationary growth phase. Ciejek and Thorner noted that  
α-factor degradation by α-type cells was not evident within 4 h of growth at 25 °C, but 
a remarkably low pheromone activity was found in the supernatants of stationary 
phase cultures [368]. Likewise, Tanaka and Kita stated that the α-factor activity in the 
supernatants of α-type cells was highest during the late log or early stationary growth 
phase and declined thereafter [435]. These results are highly consistent with the data 
obtained in this study, confirming the growth-phase dependent α-factor degradation 
by α-type yeast cells. However, pheromone hydrolysis in acidic yeast culture 
supernatants might also contribute to the decline in α-factor concentration and 
activity. 
A previous study highlighted that the decrease in pheromone activity upon entry into 
the stationary growth phase was accompanied by the appearance of pheromone-
derived peptides resulting from cleavage between the sixth and the seventh residue 
(i.e. at the Leu6-Lys7 peptide bond [435]). Mass spectrometry analysis of culture 
supernatants of α-type cells revealed the presence of numerous α-factor related 
peptides in addition to the mature pheromone, including oxidation products (oxidation 
of Met12), C-terminally truncated species (lacking Tyr13) and two major degradation 
products corresponding to cleavage at the Leu6-Lys7 bond [434, 436]. Notably, the 
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amount of degradation products increased at later stages of growth whereas the 
concentration of intact α-factor declined during stationary growth phase [436]. The 
outcomes of these studies are in line with the results obtained by the inverse ELISA 
technique, highlighting the applicability of the hydrophobin-based immunoassays to 
study α-factor secretion and degradation. Future experiments might be conducted to 
study the mechanism and the biological significance of α-factor degradation by α-type 
cells in more detail, e.g. by adding protease inhibitors. It was reported that pepstatin, 
an inhibitor for aspartic proteases, significantly reduced the abundance of 
degradation products upon addition to growing yeast cultures, although the 
protease(s) targeted by this treatment were not identified [436]. In this regard, the 
inverse ELISA technique might provide a suitable approach to screen yeast mutant 
libraries for strains showing an altered α-factor degradation profile, serving to identify 
the enzyme(s) involved in this process. 
Interestingly, the most prominent α-factor cleavage products observed in the 
supernatants of α-type cells corresponded to Leu6-Lys7 cleavage [434-436], 
essentially similar to the degradation products found upon cleavage of the α-factor by 
Bar1p protease [365]. However, the decrease in pheromone concentrations in the 
culture supernatants of α-type cells could not be ascribed to the expression of the  
a-specific BAR1 gene [370, 372, 418, 518]. In support of this, neither intact Bar1p nor 
corresponding proteolytic fragments were found in supernatants of α-type cells by 
mass spectrometry [434]. Thus, enzymes other than Bar1p were responsible for 
pheromone degradation, although the protease(s) catalyzing this reaction are 
currently not known. Similarly, it is not clear if growth-dependent α-factor degradation 
resulted from the action of secreted protease(s) or from protease(s) released into the 
extracellular environment by cell lysis. It has been reported that degradation of the  
α-factor inside of the vacuole, resulting from endocytosis of the receptor-pheromone 
complex during adaptation to the pheromone signal, is a very rapid and efficient 
process [523]. Hypothetically, cell lysis might trigger α-factor degradation due to 
release of proteases that are naturally confined to the vacuole, although it is unclear 
if vacuolar proteases maintain any activity when released to the extracellular space. 
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4.3.2 Enhanced pheromone secretion upon overexpression of MFα1 in α-type 
cells of S. cerevisiae 
The inverse ELISA technique was further applied to study the pheromone secretion 
of engineered S. cerevisiae cells, in particular focusing on α-type cells engineered to 
secrete high amounts of the α-factor pheromone. To this end, the authentic MFα1 
ORF, responsible for 90 % of the α-factor secreted by α-type cells [433, 434], was 
placed under transcriptional control of the strong constitutive GPD promoter on a 
multi-copy yeast expression vector (p426GPD-MFα1). Respective transformants 
were expected to secrete high amounts of the α-factor. Assessment of the 
pheromone secretion by MFα1-overexpressing cells could serve to identify 
bottlenecks of pheromone synthesis, maturation and secretion. Upon utilization of 
MFα1-overexpressing cells, Julius et al. noted that N-terminal α-factor maturation by 
the Ste13p protease represents a rate-limiting activity in pheromone maturation [355]. 
Identification of bottlenecks in the pheromone synthesis might also provide an 
opportunity to increase the efficiency of α-factor secretion. This could be an important 
point to engineer sensor cells utilizing the secreted pheromone to generate the 
biosensor read-out signal (section 4.5.1).  
Cell-free supernatants of α-type cells carrying the vector p426GPD-MFα1 contained 
very high amounts of the secreted pheromone. About 1 – 2 µM α-factor accumulated 
in the respective culture supernatants within 10 – 12 h (section 3.4.2). Further 
incubation resulted in decreasing pheromone concentrations, reflecting α-factor 
degradation as observed with wild-type cells of mating type α (section 4.3.1). Thus, 
transforming α-type cells with p426GPD-MFα1 resulted in a striking increase of  
α-factor secretion, indicating that pheromone maturation and secretion are very 
efficient processes. Apparently, engineering of S. cerevisiae sensor cells to create an 
α-factor-based whole-cell sensor read-out should be feasible. Previous studies 
reported that transformation of α-type cells with multi-copy plasmids carrying the 
MFα1 gene (including its authentic promoter) resulted in a 25- to 30-fold increase in 
α-factor secretion [351, 352, 355], while transformation with the MFα1 ORF under 
control of the strong GPD promoter caused roughly a 40-fold increase in pheromone 
secretion in this study (section 3.4.2). These data suggested that the activity of the 
authentic MFα1 promoter might be comparatively high, which might also be 
anticipated considering the very high α-factor secretion rates (550 – 865 molecules 
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per cell and second [431-433]) and the low stability of the MFα1 mRNA (half-time of 
5 min [524]). However, differences in plasmid copy number might also be considered. 
Upon transformation of α-type cells with p426GPD-MFα1, remarkable heterogeneity 
in the pheromone concentrations of the respective supernatants was observed, 
probably resulting from differences in plasmid copy number or plasmid loss. In line 
with these observations, recent reports on plasmid-based expression systems 
described marked cell-to-cell variations in the expression level [73, 437-439]. 
Moreover, α-type cells carrying the MFα1 gene on a multi-copy plasmid tend to lose 
or integrate this plasmid rapidly (unpublished observation in [351]), possibly 
contributing to the observed heterogeneity. 
 
4.3.3 The influence of pheromone maturation on the measurability by the 
hydrophobin-based immunoassays 
Next, the specificity of the α-factor antibody was addressed. In particular, the impact 
of N- and C-terminal α-factor maturation on the measurability of the α-factor by the 
hydrophobin-based immunoassays was studied. This might be of interest for the 
development of novel whole-cell sensors relying on engineered sensor cells from 
yeast species other than S. cerevisiae that may be unable to carry out complete  
α-factor maturation and secrete an immature pheromone (sections 4.4.5 and 4.5.1). 
Thus, it was of interest to evaluate to what extent N- and C-terminal α-factor 
maturation is necessary to enable detection by hydrophobin-based immunoassays. 
Therefore, the pheromone secretion of α-type strains of S. cerevisiae harboring a 
deletion of either the KEX1 gene or the STE13 gene was assessed by the inverse 
ELISA technique (section 3.4.3). The peptidases Kex1p and Ste13p are involved in 
α-factor maturation in yeast (Figures 1 and 26). In the Golgi network, the Mfα1p 
precursor is first cleaved by the Kex2p protease at two consecutive basic amino 
acids (lysine-arginine moiety [352]). Consequently, α-type cells lacking KEX2 do not 
carry out proteolytic precursor processing and secrete the intact Mfα1p precursor in a 
highly glycosylated form [352] (Figure 26). However, given that the KEX2 gene is 
highly conserved throughout the opisthokonts [344, 525], it is unlikely that MFα1 
expression in a heterologous (fungal) host would result in secretion of the full-length 
precursor protein. Therefore, the impact of the kex2 deletion was not addressed in 
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this study, but respective deletion strains might be included in future experiments. 
Upon initial cleavage by Kex2p, the α-factor is processed simultaneously at its  
N-terminus (by Ste13p [355]) and at its C-terminus (by Kex1p [354]). Hence, the 
impact of respective deletion strains on the α-factor secretion was studied in more 
detail. 
 
4.3.3.1 The influence of N-terminal pheromone processing 
Notably, α-type cells lacking the STE13 gene secreted about 10 – 20 nM α-factor 
within 10 – 12 h compared to 30 – 50 nM α-factor secreted by isogenic wild-type cells 
in the same time frame (section 3.4.3). Although a reduced affinity of the α-factor 
antibody towards the N-terminally immature α-factor cannot be completely ruled out, 
these differences most likely resulted from the different growth rates of both strains 
(data not shown). As wild-type cells and Δste13 cells secrete the pheromone in 
similar amounts and with similar kinetics [355, 440], differences in α-factor 
concentrations could not be attributed to a reduced pheromone secretion of individual 
cells. Since the α-factor is secreted at a constant rate per cell [431-433], lower 
pheromone concentrations may have resulted from the reduced growth rate, given 
that fewer cells were present to secrete the pheromone.  
Two lines of evidence further support the hypothesis that the affinity of the antibody 
towards the N-terminally immature pheromone was not severely reduced compared 
to the mature α-factor. First, the α-factor antibody was found to have a similar affinity 
towards the mature α-factor and the N-terminally immature pheromones secreted by 
Δste13 strains [355]. Although certain differences between the polyclonal antibodies 
used in this study and the polyclonal antibodies employed by Julius et al. [355] 
cannot be excluded, it is unlikely that both antibodies recognized completely different 
epitopes of the α-factor. Since the α-factor encompasses only 13 amino acids, it may 
not have two distinct antigenic regions. In support of this hypothesis, prediction of 
putative epitopes based on different algorithms revealed that only one stretch of 
amino acids (LQLKPG) may have sufficient antigenic potential [526]. Provided that 
both antibodies showed comparable antigen specificities, both the N-terminally 
immature α-factor and the mature pheromone would be detected with comparable 
efficiency also by the antibody employed in this study. Second, previous experiments 
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based on SDS-PAGE and immunodetection (section 3.1.1) and based on 
immunoassays (section 3.1.2.2) demonstrated that the α-factor antibody showed a 
high affinity towards EAS-α. In contrast to the N-terminally immature α-factor 
secreted by Δste13 strains, carrying four to six additional amino acids at its  
N-terminus, the α-factor present in EAS-α harbored 121 additional N-terminal amino 
acids including the EAS hydrophobin domain. Nevertheless, the α-factor antibody 
was able to specifically bind to EAS-α, indicating that binding of the α-factor antibody 
to its target did not depend on a mature N-terminus of the α-factor (Figure 26). 
 
4.3.3.2 The influence of C-terminal pheromone processing 
The pheromone secretion of α-type cells carrying a deletion of KEX1 was significantly 
reduced in comparison to wild-type cells, as only about 5 nM α-factor accumulated 
within 10 – 12 h of growth (section 3.4.3). Although the Δkex1 strain also proliferated 
at a slightly reduced rate compared to isogenic wild-type cells (data not shown), the 
severe differences in pheromone concentrations could not be attributed solely to 
growth rate differences. This was particularly evident as the Δkex1 strain grew faster 
than the Δste13 strain but accumulated less α-factor in the same time frame  
(section 3.4.3 and data not shown). These data therefore suggested that C-terminal 
maturation of the α-factor was essential for the interaction of the peptide pheromone 
with its cognate antibody, representing a prerequisite to ensure measurability by the 
hydrophobin-based immunoassays (Figure 26). 
Due to the structure of the Mfα1p precursor, a lack of C-terminal pheromone 
processing leads to the secretion of two different types of α-factor molecules. Three 
of the four pheromone repeats are embedded within the Mfα1p precursor, while the 
fourth pheromone repeat is located at the C-terminal end of the precursor and does 
not carry additional C-terminal amino acids (Figures 1 and 26). In a Δkex1 strain, the 
three internal pheromone copies will thus carry a lysine-arginine moiety at their  
C-terminal end upon secretion, while the fourth α-factor unit will have a mature  
C-terminus. It is tempting to speculate that the signal measured by the inverse ELISA 
resulted almost exclusively from the fourth α-factor repeat of the Mfα1p precursor and 
that the C-terminally immature pheromone copies barely contributed to the signal 
obtained by the inverse immunoassay (Figure 26).  
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 Figure 26. Pheromone pr ecursor processi ng in wil d-type and protease- deficient yeast str ains  and i mpact on the acti vity and measur ability of the secreted pepti des. 
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Genetic evidence further supported the hypothesis that C-terminal pheromone 
processing was mandatory for the interaction of the α-factor with its cognate 
antibody. The MFα1-KR gene, representing a modified allele of MFα1 encoding an 
additional C-terminal lysine-arginine moiety, was integrated into the yeast expression 
vector p426GPD, yielding p426GPD-MFα1-KR (data not shown). Expression of 
MFα1-KR in Δkex1 strains was expected to result in the secretion of four identical,  
C-terminally immature α-factor copies. By inverse ELISA measurements, it could be 
determined that α-type Δkex1 strains overexpressing MFα1 (upon transformation with 
p426GPD-MFα1) accumulated about 190 – 360 nM α-factor, whereas the same 
strain carrying p426GPD-MFα1-KR accumulated only about 7 – 9 nM α-factor in the 
same time frame (data not shown), essentially similar to Δkex1 cells not carrying a 
plasmid (section 3.4.3). Thus, the residual pheromone accumulation in the Δkex1 
strain carrying p426GPD-MFα1-KR probably resulted from the expression of the 
chromosomal copies of MFα1 and MFα2. Apparently, the presence of the C-terminal 
lysine-arginine moiety in C-terminally immature α-factor molecules was highly 
detrimental for the quantification by the inverse ELISA (Figure 26). 
Additional support for this hypothesis was gained by the use of a fourth hydrophobin 
variant termed EAS-α-KR. This recombinant hydrophobin construct was based on 
EAS-α but carried an additional lysine-arginine moiety at its C-terminus  
(see Appendix A.6 for DNA and nucleic acid sequence and Appendix B.5 for 
schematic illustration). Thus, the pheromone present in EAS-α-KR resembled the  
C-terminally immature α-factor secreted by Δkex1 strains. As determined by Western 
blot analysis, the affinity of the α-factor antibody towards EAS-α-KR was dramatically 
reduced compared to its affinity for EAS-α (Appendix B.5). These data provided 
additional evidence for the importance of C-terminal maturation for the interaction 
with the α-factor antibody, which is crucial to enable pheromone quantification by the 
hydrophobin-based immunoassays. 
In summary, pheromone quantification of α-type S. cerevisiae strains deleted for 
KEX1 or STE13 provided sufficient data to establish a model regarding the 
importance of α-factor maturation for the interaction with the respective antibody 
(Figure 26). N-terminal pheromone maturation, carried out by Ste13p in S. cerevisiae, 
was highly important for pheromone activity, as N-terminally immature α-factor 
molecules are at least 100-fold reduced in pheromone activity [355]. However,  
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N-terminal maturation was dispensable for interaction with the α-factor antibody and 
therefore for the measurability by hydrophobin-based immunoassays. In contrast,  
C-terminal pheromone maturation was of crucial importance for pheromone activity 
as well as for measurability by competitive and inverse ELISA. The C-terminally 
immature α-factor derivative showed essentially no biological activity [354] and a 
severely reduced affinity to the α-factor antibody, being highly prohibitive for 
pheromone quantification by the immunoassays developed in this study. In the 
supernatants of Δkex1 strains, both pheromone activity and the α-factor detected by 
hydrophobin-based immunoassays could therefore be exclusively attributed to the 
fourth pheromone repeat of Mfα1p. These data pointed at a lack of correlation of the 
pheromone activity of α-factor related peptides and their measurability by the 
hydrophobin-based immunoassays, highlighting significant differences between the 
pheromone receptor and the pheromone-specific antibody regarding their 
ligand/antigen specificity (Figure 26). 
 
 
4.4 Yeast pheromone-based inter-species communication systems 
 
4.4.1 Applications of artificial cell-cell communication systems for controlled 
inter-species communication between S. pombe and S. cerevisiae 
Implementation of artificial cell-cell communication in synthetic biology applications is 
of growing interest, in particular as the functionalities engineered in synthetic biology 
circuits become increasingly complex [373-377]. The integration of multiple synthetic 
biology tools into a single cell is limited by the associated high metabolic burden, the 
intrinsic cellular gene expression noise and the increasing risk of circuit cross-talk. 
Distributing individual tasks to multiple subpopulations, each engineered to perform a 
specific function, and wiring these subpopulations in a sophisticated manner thus 
represents an emerging branch that could serve to overcome these limitations. 
However, tight control over the consortium behavior is mandatory for optimized 
performance. Artificial cell-cell communication might be a suitable approach to 
implement the essential control elements, regulating the sequence of reactions 
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performed by individual members of the consortium in an appropriate manner [373-
377]. This may pave the way for synthetic biology applications in various disciplines, 
including biological computation, biomedicine and tissue engineering, the formation 
of synthetic patterns and ecosystems, bioprocess engineering as well as the 
development of biosensors and sensor-actor systems [375].  
To expand the palette of available synthetic biology communication tools, an artificial 
inter-species communication mode between S. cerevisiae and S. pombe, based on 
the secretion of the S. cerevisiae α-factor pheromone by engineered S. pombe cells, 
was developed in this study. This is of interest not only for synthetic biology 
applications, but also for the establishment of whole-cell sensors and cell-based 
sensor-actor systems. Controlled cell-cell communication offers an outstanding 
opportunity for signal amplification in whole-cell biosensors and for establishing 
sensor-actor systems [385, 386]. Sensor-actor systems are comprised of a 
comparatively small population of engineered sensor cells (responding to an 
environmental cue by secreting the α-factor pheromone) and a large population of 
actor cells, responding to the secreted pheromone to create the biosensor read-out, 
significantly amplified in comparison to the use of whole-cell sensors featuring a 
single population of sensor cells [385]. 
Exemplarily, future applications of sensor-actor systems could also focus on 
combined biosensing and bioremediation featuring the detection and degradation of 
hazardous compounds such as herbicides, EDCs or xenobiotics. In this design, the 
sensor cells would be engineered to respond to the presence of the target compound 
by secreting the α-factor pheromone, and respective actor cells would respond with 
the expression of actor genes (e.g. encoding hydrolyzing enzymes) for target 
compound degradation [385]. In a previous study, Schofield et al. engineered two 
populations of S. cerevisiae cells for the detection and biodegradation of the 
organophosphate paraoxon [103]. A first population was engineered to detect 
paraoxon, whereas the second population expressed an organophosphate-degrading 
enzyme. The authors noted that implementation of paraoxon detection and 
degradation within a single yeast cell was not feasible, owing to the low genetic 
stability of three episomal plasmids in a single cell [103]. Therefore, distributing both 
tasks between two specifically engineered populations and wiring both populations 
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by the α-factor pheromone might represent an attractive approach to overcome this 
limitation. 
The intrinsic abilities to detect or degrade certain analytes vary considerably between 
different species. Therefore, the use of multiple different species for the development 
of whole-cell sensors and sensor-actor systems could be highly advantageous, taking 
use of the inherent sensing and biodegrading capabilities of individual species. This 
could be of particular relevance when evolutionarily distant organisms are applied, 
differing greatly in life style, metabolic capabilities and signaling cascades. Recently, 
Wolf et al. utilized engineered S. cerevisiae and S. pombe sensor cells to detect 
EDCs with androgenic and anti-androgenic activities, observing marked differences 
in the sensitivity of both species to certain EDCs [92]. As the last common ancestor 
of the yeasts S. cerevisiae and S. pombe existed more than 1,000 million years ago 
[527, 528], combining the properties of both organisms significantly broadened the 
range of analytes and concentrations that could be detected, significantly exceeding 
the capabilities of a single whole-cell sensor system [92].  
In this study, one-way communication between S. pombe and S. cerevisiae was 
implemented, based on the secretion of the α-factor pheromone by engineered  
S. pombe cells, whereas an alternative inter-species communication mode between 
both yeast species, focusing on the secretion of the P-factor pheromone by 
engineered S. cerevisiae cells, was reported previously [442]. By combining the 
artificial cell-cell communication modes between S. cerevisiae and S. pombe with the 
sensor-actor system approach, it could be envisaged to establish sensor-actor 
systems for a wide range of applications. These systems would benefit from a 
significantly enlarged range of metabolic capabilities in comparison to sensor-actor 
systems relying on a single species [92]. Additionally, engineered S. pombe cells 
capable of secreting the α-factor pheromone could be interfaced with the 
hydrophobin-based immunoassays, yielding a novel whole-cell biosensor read-out 
(sections 3.6.1 and 4.5.1). 
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4.4.2 Heterologous expression of α-factor pheromone precursor genes in  
S. pombe 
In this study, an artificial cell-cell communication mode between S. pombe and  
S. cerevisiae was established, based on the synthesis and secretion of the  
S. cerevisiae α-factor pheromone by engineered S. pombe cells. Artificial cell-cell 
communication between fungal species, relying on the heterologous expression of 
fungal pheromones or pheromone receptors, has been implemented in several 
reports to study fungal mating [432, 441-444, 447, 529, 530]. Synthesis and secretion 
of the α-factor by S. pombe was achieved upon expression of both the authentic  
S. cerevisiae MFα1 ORF and a chimeric map2/MFα1 ORF (based on the S. pombe 
map2 gene encoding the P-factor pheromone precursor, modified to encode two  
α-factor units, Figure 18 a). The presence of both the Mfα1p and the Map2/Mfα1p 
precursor upon heterologous expression of the respective genes in S. pombe could 
be detected immunologically (section 3.5.1). Both precursors appeared to be 
glycosylated upon expression in S. pombe, reflecting a key feature of precursor 
processing in S. cerevisiae and S. pombe [350, 446]. Although these data 
unambiguously proved that the pheromone precursor genes could successfully be 
expressed in S. pombe, it should be noted that the immunological detection of the 
respective precursors does not exclude inefficient precursor processing and 
pheromone secretion. In S. cerevisiae, the Mfα1p precursor cannot be detected 
immunologically due to the rapid passage through the secretory pathway [349, 350]. 
Therefore, immunological detection of the precursors may point to inefficient 
precursor processing and trafficking, possibly caused by overexpression due to the 
strong nmt1 promoter and the expression system based on multi-copy plasmids. 
However, a detrimental effect of the C-terminal HA epitope cannot be ruled out. 
 
4.4.3 Secretion of active α-factor pheromone by engineered S. pombe cells 
Subsequent experiments, employing pheromone-responsive reporter cells of  
S. cerevisiae, revealed that the expression of both the authentic MFα1 gene and the 
chimeric map2/MFα1 gene in S. pombe resulted in the secretion of active α-factor 
pheromone, albeit at very different levels (section 3.5.2). Three key features of the 
yeast pheromone response, i.e. cell cycle arrest in G1 phase, the formation of mating 
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projections and the activation of pheromone-responsive promoter elements, were 
assessed to semi-quantitatively analyze the pheromone response of S. cerevisiae 
cells transferred to cell-free culture supernatants of the engineered S. pombe cells. 
Wild-type S. pombe cells did not secrete the α-factor or functionally related peptides 
and were consequently not able to elicit a pheromone response of S. cerevisiae 
reporter cells. Due to the large evolutionary distance between both organisms 
[527, 528], the peptide mating pheromones are chemically unrelated, i.e. the α-factor 
and the P-factor differ greatly in their amino acid sequence [348, 398]. In contrast, 
biological activity of the α-factor pheromone was present in the cell-free culture 
supernatants of S. pombe cells expressing MFα1 or the chimeric map2/MFα1. 
Heterologous expression of the authentic S. cerevisiae MFα1 in S. pombe resulted in 
comparatively low α-factor activity in the cell-free supernatants. Pheromone-
responsive S. cerevisiae reporter cells underwent a transient cell cycle arrest in  
G1 phase, exhibited an elongated cellular morphology (without forming the 
characteristic shmoo projections) and showed intermediate activity of the 
pheromone-induced FIG1 promoter (section 3.5.2). Expression of the chimeric 
map2/MFα1 gene in engineered S. pombe cells resulted in far higher α-factor 
activities in the culture supernatants, as shown by the sustained cell cycle arrest, the 
formation of mating projections and the high expression level of the tRFP gene under 
transcriptional control of the FIG1 promoter in the S. cerevisiae reporter cells. Haploid 
S. cerevisiae cells modulate the pheromone response according to the sensed 
pheromone concentration. Low to intermediate α-factor concentrations lead to a 
transient arrest in the cell cycle and elongated growth, whereas high pheromone 
concentrations cause a substantial cell cycle arrest and the formation of mating 
projections [421, 531, 532]. These studies are in line with the hypothesis that the  
α-factor activity in the culture supernatants of MFα1-expressing cells was lower than 
in those of map2/MFα1-expressing cells. This hints at inefficient, inappropriate or 
incomplete processing of the Mfα1p precursor upon expression in a heterologous 
host (section 4.4.5), in agreement with the inefficient pheromone processing and/or 
secretion upon expression of authentic pheromone precursor genes of C. cinerea, 
Sordaria macrospora and S. commune in engineered S. cerevisiae strains [432, 444]. 
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4.4.4 Quantitative assessment of α-factor pheromone secretion by engineered 
S. pombe cells 
Application of the inverse ELISA approach allowed for the quantification of the  
α-factor pheromone in the culture supernatants of engineered S. pombe cells 
(section 3.5.3). As expected, wild-type S. pombe cells did not secrete any 
measurable α-factor, confirming the lack of α-factor activity in the respective cell-free 
supernatants and further highlighting the selectivity of the inverse ELISA technique. 
Surprisingly, the α-factor concentrations in the culture supernatants of S. pombe cells 
expressing the authentic MFα1 gene were clearly higher than the pheromone 
concentrations obtained upon expression of the chimeric map2/MFα1 gene in  
S. pombe (section 3.5.3). These differences may reflect the copy number of α-factor 
units encoded by the respective pheromone precursor genes (four units in Mfα1p vs. 
two units in Map2/Mfα1p, Figure 18 a), indicating that the expression levels of both 
genes as well as the efficiency of precursor processing and trafficking through the 
secretory pathway might be comparable. However, these data were in marked 
contrast to the observed α-factor activity (sections 3.5.2 and 4.4.3). Considering the 
knowledge on P-factor processing in S. pombe and the model established in  
section 4.3.3 (highlighting the importance of α-factor maturation for its measurability 
by the hydrophobin-based immunoassays), the discrepancy between pheromone 
concentration and activity upon expression of MFα1 in S. pombe could be attributed 
to incomplete or inappropriate α-factor maturation. 
 
4.4.5 A model for Mfα1p pheromone precursor processing in S. pombe 
Proteolytic processing of the Mfα1p precursor in its authentic host requires the 
activity of three different proteases: Kex2p, Kex1p and Ste13p (Figures 1 and 26). 
The P-factor precursor of S. pombe, encoded by map2, is structurally similar to the 
Mfα1p precursor, encompassing an N-terminal signal peptide for ER import, N-linked 
glycosylation sites and four repeats of the mature pheromone separated by short 
spacer peptides [348, 398] (Figure 18 a). However, Map2p and Mfα1p differ 
considerably at the amino acid level. Importantly, the spacer peptides containing the 
recognition sites for the proteases carrying out pheromone maturation also differ in 
the amino acid sequence, consisting of the amino acid stretches KREA(E/D)AEA and 
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KKREFEAAP(A/E)K in S. cerevisiae Mfα1p and S. pombe Map2p, respectively 
[348, 398]. 
One of the initial steps of Mfα1p processing is carried out by Kex2p, cleaving the 
spacer peptides at a position C-terminal of the KR moieties [352] (Figure 27). 
Likewise, the first step of Map2p processing in S. pombe involves cleavage of the 
spacer peptides at the KKR moiety by Krp1p, a protease highly homologous to  
S. cerevisiae Kex2p [446]. Given the homology between Krp1p and Kex2p and the 
striking similarity of their cleavage sites, it is reasonable to assume that the initial step 
of Mfα1p processing was carried out by Krp1p upon heterologous expression in  
S. pombe. It has been reported that S. cerevisiae cells lacking the functional KEX2 
gene secrete a highly glycosylated form of the intact Mfα1p precursor that does not 
show any pheromone activity [352, 355, 533] (Figure 26). Thus, Kex2p-like cleavage 
of Mfα1p is mandatory to obtain α-factor activity in the cell-free supernatants. As 
heterologous expression of MFα1 in S. pombe resulted in the secretion of active  
α-factor pheromones (sections 3.5.2 and 4.4.3), Kex2p-like cleavage was evidently 
carried out, most likely by S. pombe Krp1p (Figure 27). 
Figure 27. Processing of the Mfα1p precursor in S. cerevisiae and proposed model for 
proteolytic processing in S. pombe. In its authentic host, the Mfα1p precursor is proteolytically 
processed by Kex2p, Kex1p and Ste13p. After initial cleavage by Kex2p, the proteases Kex1p and 
Ste13p are responsible for C-terminal and N-terminal α-factor maturation, respectively. Upon 
heterologous expression of MFα1 in S. pombe, Kex2p-like cleavage may be carried out by Krp1p, 
whereas S. pombe Kex1p might perform C-terminal pheromone maturation. Since S. pombe does not 
encode homologues of S. cerevisiae Ste13p, N-terminal pheromone maturation is unlikely to be 
carried out. Further details can be found in the text. 
 
α α α αSP
S. cerevisiae Mf 1pα
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Discussion 
169 
 
C-terminal α-factor maturation in S. cerevisiae requires the activity of the Kex1p 
protease, removing the C-terminal lysine-arginine moiety [354]. A related protease 
might be responsible for C-terminal maturation of the P-factor, given that the  
C-terminal extension of this pheromone upon Krp1p cleavage also consists 
exclusively of basic residues. Consistent with this assumption, the S. cerevisiae 
KEX1 gene is conserved in all ascomycetes [525]. Although the fission yeast KEX1 
homologue (encoded by the kex1 gene in S. pombe) has not been characterized so 
far, it is predicted to encode a serine protease [534] similar to S. cerevisiae KEX1. 
Thus, S. pombe Kex1p may carry out C-terminal P-factor maturation and might also 
perform C-terminal α-factor maturation upon heterologous expression of MFα1 in  
S. pombe (Figure 27). 
Additional experiments provided direct evidence that C-terminal α-factor maturation 
was carried out upon MFα1 expression in S. pombe. Heterologous expression of 
MFα1-KR (a modified allele of MFα1 encoding an additional C-terminal lysine-
arginine moiety) in S. pombe resulted in a detectable α-factor activity in the 
respective culture supernatants (data not shown). Given that C-terminal pheromone 
maturation is mandatory for α-factor activity [354], these data indicated that  
C-terminal α-factor processing by a protease with Kex1p-like substrate specificity 
was realized. However, C-terminal pheromone maturation may be performed only in 
a fraction of the α-factor pheromone molecules. 
N-terminal maturation of the α-factor in S. cerevisiae is catalyzed by the Ste13p 
protease that cleaves off dipeptide moieties [355] (Figure 27). Evidently, the  
S. pombe P-factor pheromone also undergoes N-terminal maturation prior to 
secretion, although the respective enzyme(s) still have to be identified. However, the 
substrate specificities of the peptidase(s) performing N-terminal processing of the  
α-factor and the P-factor might differ considerably [344]. Ste13p cleaves off  
N-terminal dipeptide repeats of an acidic amino acid (glutamic acid or aspartic acid) 
followed by an alanine residue, sequentially removing the EA(D/E)AEA stretch [355] 
(Figure 27). In contrast, the substrate specificity of the protease(s) involved in  
N-terminal P-factor maturation, removing the EFEAAP(A/E)K moiety, is less obvious. 
In fact, Imai and Yamamoto speculated that the lysine residue at the C-terminal end 
of the spacer peptide might be involved in spacer peptide cleavage [398]. Thus,  
N-terminal pheromone maturation might be entirely different in S. cerevisiae and  
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S. pombe. In line with this hypothesis, the S. cerevisiae STE13 gene is only 
conserved within the Saccharomycetaceae family [525] and homologues of this gene 
are not encoded in the genome of S. pombe [535]. Therefore, it is tempting to 
speculate that N-terminal α-factor maturation was not carried out upon heterologous 
expression of MFα1 in S. pombe (Figure 27). Importantly, this hypothesis is sufficient 
to explain the discrepancy between pheromone concentration and activity that was 
observed.  
According to the model (section 4.3.3), N-terminal maturation of the α-factor was 
dispensable for its measurability by the hydrophobin-based immunoassays  
(Figure 26). In contrast, the N-terminally immature form is severely impaired in 
biological activity, being at least two orders of magnitude less active than the mature 
peptide [355]. Thus, the high pheromone concentrations observed in the 
supernatants of MFα1-expressing S. pombe cells (900 – 1500 nM α-factor after 24 h) 
might have resulted in a low but detectable pheromone activity in the absence of  
N-terminal processing. In marked contrast to the Mfα1p precursor, the chimeric 
Map2/Mfα1p precursor contained the authentic spacer peptides of the Map2p 
precursor and was therefore expected to undergo complete and efficient maturation 
by the proteases naturally involved in pheromone maturation in S. pombe. Thus, 
secretion of the mature α-factor was expected upon expression of the chimeric gene 
in S. pombe. Consequently, even comparatively low pheromone concentrations  
(as determined by the inverse ELISA) would have resulted in a significantly higher 
pheromone activity in the culture supernatants of map2/MFα1-expressing S. pombe 
cells, fully consistent with the experimental results. 
Although the lack of N-terminal α-factor processing is sufficient to explain the results 
obtained by inverse ELISA measurements and pheromone activity determination, an 
alternative hypothesis should be considered. In particular, it cannot be excluded that 
the heterologous expression of MFα1 in S. pombe resulted in the secretion of 
truncated derivatives of the α-factor pheromone. A C-terminally truncated species of 
the α-factor lacking Tyr13 shows a 40-fold reduction in biological activity, whereas an 
N-terminally truncated peptide lacking Trp1 has a tenfold reduced pheromone activity 
[522]. In contrast, α-factor related peptides lacking two amino acids at the N-terminus 
(Trp1 and His2) are acting as pheromone antagonists that still bind to the receptor 
but block signaling [522, 536]. The C-terminally truncated species lacking Met12 and 
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Tyr13 behaves as synergists for signaling, enhancing the signal of the mature 
pheromone, although neither being active on its own nor binding to the pheromone 
receptor [522, 536]. Therefore, the lack of correlation between α-factor concentration 
and pheromone activity in MFα1-expressing S. pombe strains could also result from 
inappropriate Mfα1p precursor processing or proteolytic digestion of the pheromone.  
The exact nature of the α-factor-related peptide(s) present in the supernatants of 
MFα1-expressing cells could not be determined by the immunoassays developed in 
this study. Future experiments, including analytical techniques such as HPLC or 
mass spectrometry, may be conducted to clarify this issue. Additionally, further 
evidence for either of these hypotheses might be gained by genetic and/or 
biochemical methods. Notably, S. pombe cells co-expressing MFα1 and KEX1 or 
STE13 did not show an increase in α-factor activity in comparison to S. pombe cells 
exclusively expressing MFα1 (data not shown). Although this might support the 
hypothesis that inappropriate α-factor processing or proteolytic degradation occurred 
upon expression of MFα1 in S. pombe, these data could also result from a lack of 
enzymatic activity of the heterologously expressed Kex1p and Ste13p. 
It was demonstrated previously that in vitro treatment of immature α-factor molecules 
with respective proteases resulted in a significant increase in their pheromone 
activity. In particular, the reduced pheromone activity associated with the Δste13 
phenotype could be overcome by in vitro treatment of the N-terminally immature 
pheromone with V8 protease [355], whereas C-terminal pheromone maturation could 
be achieved by in vitro carboxypeptidase B treatment [354]. Thus, in vitro treatment 
of the α-factor-related peptides secreted by MFα1-expressing S. pombe cells with 
these enzymes might help to unravel Mfα1p processing in the heterologous host. 
The abundance of the proteases naturally involved in pheromone processing in  
S. pombe could be an additional point of concern. Sexual differentiation in S. pombe 
is triggered by nutrient limitation, in particular by nitrogen starvation [537]. 
Consequently, mating-related genes such as map2 (encoding the P-factor precursor) 
are not expressed during vegetative growth and their expression is induced upon 
nitrogen starvation [538]. In light of this, it is not clear if the proteases involved in 
pheromone maturation are expressed during vegetative growth. Consequently, 
processing of both Mfα1p and Map2/Mfα1p might be limited by the low abundance of 
suitable proteases. At least for Krp1p, the only protease involved in P-factor 
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maturation that has been characterized so far, expression during vegetative growth 
could be anticipated, given that a deletion of the krp1 gene is lethal [446]. Thus, it 
would be interesting to see if S. pombe cells engineered to express MFα1 or 
map2/MFα1 showed higher pheromone concentrations or activities in their respective 
culture supernatants when starved for nitrogen. 
 
 
4.5 Applications of hydrophobin-based immunoassays 
 
4.5.1 Development of a novel whole-cell biosensor utilizing the α-factor 
pheromone to create the read-out signal 
Employing the hydrophobin-based immunoassays developed in this study allowed for 
the implementation of a novel read-out possibility for whole-cell biosensors, in 
particular by combining engineered sensor cells (responding to an environmental cue 
by modulating the secretion of the α-factor) with the hydrophobin-based pheromone 
quantification assays (Figure 3). Changes in the pheromone secretion of the 
engineered sensor cells could be recorded by the use of hydrophobin-based 
immunoassays, thereby generating the whole-cell sensor read-out signal. Currently 
employed read-out strategies for whole-cell biosensors almost exclusively rely on 
fluorescent proteins or luciferases (section 1.1.3.3), thereby being dependent on 
optical transducer elements. In these systems, the use of sensor cells in high cell 
densities is unfavorable, as light scattering at the cellular envelop and compartments 
will deteriorate the biosensor performance. Unless low cell densities can be 
maintained to limit light absorption and scattering, parallel turbidity measurements 
are required to correct the whole-cell sensor signal [75, 116, 125]. 
The use of enzymes to create the whole-cell biosensor read-out has several inherent 
advantages, including the eminent signal amplification by enzymatic reactions. 
Furthermore, multiple transducer elements can be utilized if suitable substrates are 
available to generate colorimetric, fluorimetric, luminescent or electrochemical 
responses [3, 54]. However, the intracellular accumulation of enzymes often requires 
cell permeabilization or cell lysis, e.g. in the case of β-galactosidases in yeast cells 
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[75, 76, 79, 80, 91, 101, 115, 123, 124]. These limitations can be overcome by the 
use of secreted enzymes as reporter proteins as exemplified with phytase and 
tannase that have been used in A. adeninivorans [110-113]. However, enzyme-
based sensors depend on the addition of complex, often expensive substrate 
molecules to create the read-out signal, thereby increasing the costs of a single 
measurement and preventing real-time monitoring of the whole-cell sensor response. 
Hydrophobin-based immunoassays, in combination with sensor cells engineered to 
modulate pheromone synthesis, have the potential to overcome several limitations of 
whole-cell biosensors based on fluorescent proteins, luciferases or enzymes. First, 
employing the α-factor pheromone, which is naturally secreted with high efficiencies 
[431-433], neither disruption or permeabilization of the sensor cells nor the addition 
of expensive substrates are required. Furthermore, given the low molecular weight 
and the solubility of the α-factor, this pheromone can be transported e.g. in 
microfluidic devices, leading to spatial separation of the sensor cells and the read-out 
signal. This would enable the use of high sensor cell densities since light scattering 
by the sensor cells would not affect the read-out of the spatially separated 
hydrophobin-based immunoassays. However, as pheromone degradation was 
observed in yeast cultures with high cell densities (i.e. in stationary growth phase, 
section 3.4.2), these systems might include protease inhibitors [436] or suitable 
protease-deficient yeast strains to avoid extensive signal molecule degradation. 
Additionally, spatial separation could serve to meet legal regulations when utilizing 
genetically modified sensor cells. The sensor cells could be entrapped in a confined 
space, allowing only small molecules such as yeast pheromones to exit. Microfluidic 
systems might be suitable to implement spatially separated systems, given that the 
α-factor pheromone can be transported across wide distances in microfluidic systems 
[382, 419, 421, 504, 531, 532, 539-542], whereas yeast cells can be efficiently 
entrapped in microfluidic chambers [421, 539]. Additionally, it has been reported 
previously that the yeast pheromone easily passes through alginate hydrogels 
whereas yeast cells can be entrapped in these matrices [385, 386], providing an 
alternative option to immobilize genetically engineered yeast cells in confined areas. 
Moreover, the proposed whole-cell sensor read-out features intrinsic signal 
amplification, given that the α-factor is synthesized as a part of large precursor 
molecule carrying four copies of the mature pheromone (Figures 1 and 26). In future 
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studies, a synthetic MFα1-related gene containing even more pheromone repeats 
could be created and utilized to further amplify the read-out signal. Comparison of the 
pheromone secretion of engineered S. pombe cells suggested that increasing the 
number of α-factor molecules per pheromone precursor resulted in elevated 
pheromone secretion (section 3.5.3). The entire process of α-factor processing and 
secretion is highly efficient. Secretion rates of 550 – 865 pheromone molecules per 
cell and second have been reported [431-433], whereas the secretion of recombinant 
proteins, utilizing the Mfα1p propeptide to mediate trafficking through the secretory 
pathway, is clearly less efficient (30 – 50 molecules of a recombinant cytokine were 
secreted per cell and second upon overexpression of the corresponding gene [543]).  
In addition, the kinetics of the pheromone secretion might be an advantage for the 
use in whole-cell biosensors. Synthesis of the α-factor pheromone is a rapid process: 
the entire cascade of translation, maturation, trafficking and secretion is completed 
within less than 20 min [440], comparing favorably with fluorescent proteins that 
require long maturation times to fold appropriately (section 1.1.3.3). Furthermore, 
fluorescent proteins and luciferases are comparatively stable, limiting their use in 
highly dynamic systems due to the time frames required for protein maturation and 
protein degradation for sensor regeneration (i.e. to reduce the signal to the 
background value after removal of the target analyte). In contrast, as the MFα1 
mRNA has a very short half-life (5 min [524]) and the α-factor precursors are 
processed rapidly [440], the signal increases and decreases rapidly. A simple 
washing step of the sensor cells would be sufficient to remove the secreted α-factor 
pheromone, efficiently setting the biosensor read-out signal to zero without relying on 
intracellular protein degradation. Therefore, the proposed biosensor read-out could 
be useful for application in highly dynamic systems, requiring short response times 
and/or short regeneration times. In summary, the secreted pheromone might 
represent a novel reporter to create a whole-cell sensor read-out, possibly 
contributing to increased sensitivity and broad applicability of yeast-based whole-cell 
sensors that are major demands in this branch of biosensors [62]. In addition, the 
hydrophobin-based immunoassays should be amenable to miniaturization and 
compatible with several different transducer elements (section 4.5.3), potentially 
providing an opportunity for label-free, real-time measurements of the secreted 
pheromone. Combining this detection platform with microfluidics and highly 
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integrated transducer elements could ultimately yield a novel, miniaturized whole-cell 
biosensor for real-time measurements in field-deployable devices. 
The proposed whole-cell biosensor read-out crucially depends on the ability of 
engineered sensor cells to secrete the α-factor pheromone. It is conceivable that 
numerous species, especially prokaryotic hosts, are not inherently capable of 
secreting the yeast pheromone. Therefore, this read-out option might be restricted to 
fungal sensor cells, in contrast to commonly employed reporter genes encoding 
fluorescent proteins, luciferases or β-galactosidases that can be functionally 
expressed in almost all prokaryotic and eukaryotic host cells [3, 54]. However, the 
hydrophobin-based surface engineering technology could also be employed to 
develop novel immunoassays for alternative analytes (sections 3.6.2.2 and 4.5.2). If 
sensor cells can be engineered to secrete a specific target compound in response to 
an environmental cue, they could be combined with novel hydrophobin-based 
immunoassays for the detection of the secreted target compound to yield the  
whole-cell sensor read-out. Therefore, hydrophobin-based immunoassays might 
provide a more general strategy for the application in whole-cell biosensor devices. 
As a proof-of-concept, engineered S. pombe cells were utilized in this study to detect 
trace amounts of thiamine (vitamin B1), an important enzyme cofactor involved in 
human diseases such as systolic heart failure, dementia and cancer [450-453]. 
Employing the thiamine-repressed nmt1 promoter to control MFα1 expression in  
S. pombe resulted in a thiamine-dependent reduction in α-factor secretion by the 
sensor cells that was quantified by the hydrophobin-based immunoassays  
(section 3.6.1), yielding a novel whole-cell biosensor for thiamine. Consistent with 
previous reports [457, 458], the activity of the nmt1 promoter could be regulated 
gradually by the amount of extracellular thiamine. However, this may not directly 
reflect a gradual down-regulation of the nmt1 promoter activity, but might result from 
deviations in the intracellular thiamine levels of individual cells. It has been suggested 
that the nmt1 promoter is activated in a switch-like manner if the intracellular thiamine 
level drops below a certain threshold [457, 544]. In the presence of low extracellular 
thiamine concentrations, the thiamine pool of individual cells may oscillate around the 
threshold for nmt1 promoter activation [457]. Thus, the thiamine-dependent reduction 
in α-factor synthesis may reflect a population-wide heterogeneity in nmt1 promoter 
activity rather than gradual downregulation of the promoter activity. 
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Nevertheless, the novel whole-cell biosensor enabled thiamine quantification with a 
detection limit of 10 nM thiamine (section 3.6.1). This compares favorably with 
several previous approaches to quantify thiamine, e.g. utilizing fluorescent carbon 
dots [545], quantum dots [546], luminescent CdTe nanorods [547] or gold 
nanoparticles [548]. It should be noted that some of the previously established 
methods for thiamine detection were more sensitive than the novel whole-cell 
biosensor. For example, 0.6 nM thiamine could be detected by liquid chromatography 
systems encompassing post-column thiamine photolysis or pre-column thiamine 
oxidation [549, 550]. However, as these methods require bulky and highly expensive 
instruments as well as large volumes of pure solvents, their application is restricted to 
analytical laboratories. The development of field-deployable biosensors based on 
these technologies is not feasible.  
Enzyme- and cell-based thiamine biosensors have also been reported. Akyilmaz and 
Yorganci took use of the thiamine-dependent stimulation of pyruvate oxidase activity 
to detect thiamine concentrations as low as 25 nM [461]. Furthermore, S. cerevisiae 
cells were shown to use thiamine as a carbon source in the absence of glucose. 
Therefore, monitoring cellular respiration by a dissolved oxygen probe allowed for the 
detection of thiamine with a lower limit of detection of 5 nM thiamine [460]. However, 
the latter approach might suffer from non-specific sample matrix effects. Although it 
was reported that the whole-cell sensor showed a lower response to other vitamins in 
comparison to thiamine [460], the impact of additional carbon sources or complex 
sample matrices was not tested. As the biosensor read-out was exclusively based on 
yeast respiration, this whole-cell sensor may show poor selectivity for thiamine. In 
contrast, the thiamine whole-cell sensor based on modulation of α-factor secretion is 
more robust, given that the hydrophobin-based immunoassays were not affected by 
the sample matrix composition (sections 3.2.4 and 3.3.3). However, the influence of 
the sample matrix on the activity of the nmt1 promoter should be assessed in future 
studies. 
Additionally, future efforts should focus on the integration of the nmt1-MFα1 reporter 
gene cassette into the genome of the S. pombe sensor cells. Plasmid-based reporter 
gene assays result in a significant heterogeneity in the expression levels of individual 
cells [73, 437-439], which might be the reason for culture-to-culture deviations 
observed for plasmid-carrying S. cerevisiae and S. pombe cells in this study  
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(sections 3.4.2 and 3.5.3). Reporter gene cassettes integrated into the genome of the 
host cell are beneficial regarding the long-term genetic stability as well as the 
homogeneity in the response of individual cells [73, 437-439]. According to Yoo et al., 
a constant copy number of the reporter gene is mandatory to enable quantification of 
the activity of the encoded reporter protein, thus necessitating integration of the 
reporter gene cassette into the host genome [115]. 
 
4.5.2 Versatility of the hydrophobin-based immunoassay technology 
In this study, novel hydrophobin-based immunoassays for the detection and 
quantification of the yeast α-factor pheromone were developed. In addition, 
hydrophobin-based immunoassays for the quantitative assessment of alternative 
analytes, the HA peptide and recombinant proteins fused to the HA epitope, were 
established (section 3.6.2.2), highlighting the versatility of this technique. Although 
the immunoassays for the yeast pheromone and the HA peptide differed in several 
aspects (i.e. in the limit of detection of the inverse ELISA, the dynamic range and the 
shape of the calibration curves), both peptide analytes could be quantified reliably by 
the use of the respective hydrophobin-functionalized surfaces. Thus, the 
hydrophobin-based surface engineering technique might provide a general 
framework for the immobilization of a user-defined target compound to develop novel 
immunoassays for a wide variety of analytes. Importantly, previous studies 
highlighted that hydrophobins can be modified genetically (i.e. by the use of 
recombinant fusion proteins) or chemically (e.g. by covalent modification using 
additional N-terminal cysteine residues) with proteins [267-269, 273-279, 293, 322], 
peptides [236, 246, 248-251, 263-265, 317, 408], fluorophores [177, 294, 493], biotin 
[154, 484], dendrons [283], fluorous compounds [551] and polymers [312]. Thus, the 
hydrophobin-based surface engineering approach possesses an enormous potential 
for the development of novel biosensors for small molecules such as explosives, 
xenobiotics, EDCs or chemical warfare agents.  
The hydrophobin-based immunoassays relied on the availability of suitable 
antibodies to detect the target compound. Given that antibodies cannot be raised 
against toxic, very small or non-immunogenic compounds, are comparatively 
unstable and their production requires elaborate, time-consuming as well as 
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expensive purification procedures, recent developments in the field of affinity 
biosensors increasingly focused on antibody substitutes (section 1.1.2). These 
include aptamers [15, 16], antibody fragments [12, 17, 18], engineered phages  
[21-24], peptides [19, 20] and “plastic antibodies” [8, 25, 26]. Potentially, such 
antibody substitutes can be combined with hydrophobin-functionalized surfaces to 
yield novel immunoassays. 
 
4.5.3 Compatibility of the hydrophobin-based immunoassays with alternative 
transducer elements 
As mentioned above, commonly employed reporter proteins in whole-cell sensor 
applications almost exclusively depend on optical transducers to create the read-out 
signal, representing a considerable limitation of these biosensors (section 1.1.3.3). 
Increased flexibility regarding the transducer element might be advantageous for 
whole-cell biosensors, allowing for the development of miniaturized, field-deployable 
devices. Likewise, novel hydrophobin-based immunoassays for the detection of 
alternative analytes would benefit from flexibility regarding the choice of the 
transducer element. Numerous transducers and read-out technologies for the use in 
affinity biosensors have been reported and most of them might be compatible with 
hydrophobin-based surface functionalization, ultimately implementing novel 
immunoassays for label-free, real-time monitoring. 
In this study, the read-out of the hydrophobin-based immunoassays was based on 
the use of a secondary antibody linked to HRP to catalyze a colorimetric reaction. 
This approach was essentially similar to the commonly employed ELISA technique, 
benefitting from the intrinsic signal amplification of label-based bioassays (i.e. signal 
amplification by HRP-catalyzed colorimetric reactions [8, 12]). However,  
ELISA-based assays are comparatively laborious, time-consuming and depend on 
the use of microplate readers that are not amenable to miniaturization 
[6, 14, 18, 552]. Thus, ELISA-like approaches are restricted to the use in analytical 
laboratories and are not suitable for inexpensive and field-deployable biosensors for 
real-time analyte detection [18]. Consequently, alternative read-out strategies for the 
hydrophobin-based immunoassays should be investigated to facilitate their 
integration in commercially viable biosensor devices. 
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Among the read-out technologies that should be compatible with hydrophobin-based 
immunoassays, impedance spectroscopy or FET devices might be very promising 
[31, 32]. FET devices consist of a conductive channel formed by a doped 
semiconductor material that electrically connects the source and drain electrode. 
Possibly, functionalization of the conductive channel surface with the recombinant 
hydrophobins could be employed to yield a novel biosensor. Attachment or 
detachment of antibodies (or antibody substitutes) would alter the local current 
density at the surface of the conductive channel, thereby affecting its electrical 
properties. Recent approaches also focused on the use of nanomaterials such as 
CNTs or graphene layers in FET-based devices, owing to the excellent chemical 
stability, high electrical and thermal conductivity as well as a large surface-to-volume 
ratio [552-554]. Importantly, both CNTs [276, 294, 314-316] and graphene layers 
[265, 317] can be functionalized with hydrophobins, indicating that the development 
of novel hydrophobin-based biosensors relying on these nanomaterials may be 
feasible. 
However, the applicability of several transducers relying on the attachment or 
detachment of charge carriers at a functionalized surface, such as FET devices 
utilizing CNTs [553, 554] as well as certain types of impedance biosensors [31, 32], is 
limited by the Debye length. The Debye length characterizes the distance over which 
these transducer elements can sense the presence of charged molecules at their 
surface. Remarkably, the Debye length is highly dependent on the ionic strength of 
the sample matrix, being about 7.3 nm in 0.01 × PBS but only about 0.7 nm in 
1 × PBS [555]. Thus, this effect highlights the importance of the use of low ionic 
strength solvents and the functionalization of the transducer surfaces with very thin 
layers. The hydrophobin-based immunoassays might fulfill both requirements. The 
assay sensitivity was independent on the ionic strength of the sample matrix 
(sections 3.2.4 and 3.3.3). In addition, hydrophobin monolayers were reported to be 
very thin, as determined for monolayers of MPG1 (2.5 nm [154]), EAS (2.5 nm [149]) 
and NC2 (1.5 – 2 nm [155]). 
Alternative transducers could also include SPR instruments [33, 34] or QCM devices 
[37, 38]. SPR devices detect a change in the refractive index upon adsorption or 
desorption of molecules at a functionalized surface and could thus be suitable to 
detect antibody attachment/detachment in a hydrophobin-based immunoassay. In 
Discussion 
180 
 
contrast to the optical phenomenon exploited in SPR instruments, QCM devices 
represent mass-based sensors relying on the inverse piezoelectric effect [37, 38]. 
Adsorption or desorption of molecules to the surface electrode of an oscillating quartz 
crystal result in a change in its resonance frequency that correlates with the mass 
change at the crystal surface. Notably, self-assembly of hydrophobins has been 
studied previously by QCM devices [169, 265, 268, 274, 279, 280, 288, 396, 462, 
495], suggesting that QCM instruments might be compatible with hydrophobin-based 
immunoassays. Both SPR and QCM could offer the possibility for label-free and  
real-time measurement of antibody attachment/detachment to hydrophobin-
functionalized surfaces. However, both techniques crucially depend on the 
suppression of non-specific protein binding to the functionalized surfaces. As 
hydrophobin layers support non-specific adsorption of proteins (section 1.2.3), further 
modification would be required. For example, PEG layers are often used to prevent 
biofouling of transducer surfaces [18, 31, 556]. Interestingly, hydrophobins can also 
be modified with PEG derivatives [312], suggesting that this strategy could be 
employed to reduce non-specific protein binding to hydrophobin-functionalized 
surfaces. 
Further transducer elements that could potentially be employed include devices 
based on surface acoustic wave technology [39, 40], microcantilevers [41], silicon 
nanowires [555], surface-enhanced Raman scattering [36] or evanescent field 
excitation [35], among many others. Likewise, several nanomaterials such as 
quantum dots [43] or gold nanoparticles [42] could be employed to develop 
hydrophobin-based immunoassays for biosensor devices. Importantly, recent studies 
highlighted that nanoparticles [289, 309-313] and quantum dots [318] could also be 
functionalized with hydrophobins, suggesting that the development of hydrophobin-
based immunoassays using these read-out platforms might similarly be feasible. 
In summary, the hydrophobin-based immunoassays developed in this study could be 
employed for a wide variety of applications, either in combination with engineered 
sensor cells or for the detection of low molecular weight compounds, taking use of 
the proven versatility that hydrophobin-based immunoassays offer. Therefore, the 
hydrophobin-based surface engineering technology has tremendous potential for 
application in biosensor devices. 
Summary 
181 
 
Summary 
 
 
This study aimed at the development of a novel way to create a read-out signal in 
whole-cell biosensor applications. In contrast to protein-based biosensors, whole-cell 
sensors obviate the need for enzyme/antibody purification and provide the unique 
possibility to assess global parameters such as genotoxicity and bioavailability. Yeast 
species such as S. cerevisiae are ideal host organisms for whole-cell sensors. 
However, current approaches almost exclusively rely on analyte-induced expression 
of reporter genes encoding e.g. fluorescent proteins or luciferases that imply issues 
with light scattering and/or require the addition of expensive substrates. In this study, 
the yeast α-factor mating pheromone, a peptide pheromone involved in cell-cell 
communication in S. cerevisiae, was utilized to create the whole-cell sensor read-out 
signal, in particular by employing engineered sensor cells that couple the response to 
an environmental cue with the secretion of the α-factor.  
Two novel immunoassays were developed to detect and quantify the α-factor yeast 
pheromone, relying on hydrophobin-based surface engineering. Hydrophobins are 
surface active, fungal proteins that self-assemble into robust monolayers at 
hydrophobic surfaces. Two recombinant hydrophobins, either lacking (EAS) or 
exposing the yeast α-factor pheromone (EAS-α) upon self-assembly, were purified 
upon heterologous expression in E. coli and used to functionalize polystyrene 
supports. In a first approach (competitive immunoassay), α-factor antibodies bound 
to the functionalized surface (due to the α-factor exposed by the hydrophobin layer) 
were competitively detached by soluble α-factor. In a second approach, pheromone-
specific antibodies were first premixed with α-factor-containing samples and 
subsequently applied to functionalized surfaces, allowing for the attachment of 
antibodies that still carried available binding sites (inverse immunoassay).  
Both immunoassays enabled quantitative assessment of the yeast pheromone in a 
unique but partially overlapping dynamic range and allowed for facile tuning of the 
assay sensitivity by adjustment of the EAS-α content of the hydrophobin monolayers. 
With a limit of detection of 0.1 nM α-factor, the inverse immunoassay proved to be 
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the most sensitive pheromone quantification assay reported so far. Due to the high 
stability of hydrophobin monolayers, the functionalized surfaces could be used for 
repeated measurements with comparable sensitivity. Favorably, both immunoassays 
proved to be highly robust against the sample matrix composition, allowing for  
α-factor quantification even in complex sample matrices such as yeast culture 
supernatants. Therefore, the hydrophobin-based immunoassays could be applied to 
study the pheromone secretion of wild-type and engineered S. cerevisiae strains. 
In addition, a synthetic inter-species communication system, relying on the synthesis 
and secretion of the α-factor pheromone by engineered S. pombe cells, was 
established. Artificial cell-cell communication systems serve to implement novel 
control elements for cellular consortia, allowing for the realization of complex 
synthetic biology circuits and sensor-actor systems. Functional expression of the  
α-factor by engineered S. pombe cells could be demonstrated. In addition, the 
hydrophobin-based immunoassays were employed to quantify the pheromone 
secretion of these cells, providing novel insights into the processing of authentic and 
heterologous pheromone precursors in S. pombe.  
Furthermore, S. pombe cells modulating the synthesis and secretion of the α-factor in 
response to an exogenous signal could be interfaced with the hydrophobin-based 
immunoassays to develop a proof-of-concept whole-cell sensor for thiamine. This 
whole-cell sensor, utilizing the secreted pheromone to create the read-out signal, 
showed a limit of detection of 10 nM thiamine, comparing favorably with previously 
developed thiamine quantification assays. This type of whole-cell sensors would also 
enable spatial separation of the sensor cells and the transducer element, overcoming 
light scattering issues and providing an opportunity for confinement of genetically 
modified sensor cells. In addition, this read-out strategy encompasses intrinsic signal 
amplification and enables flexible choice of the transducer element, contributing to 
the development of miniaturized, portable whole-cell sensors for on-site application. 
Finally, the versatility of the hydrophobin-based immunoassays was demonstrated by 
developing novel immunoassays for an alternative peptide analyte. In summary, the 
hydrophobin-based surface engineering technique might harbor tremendous potential 
for the development of novel immunoassays and biosensors, allowing for the 
detection of proteins, peptides, nucleic acids and low molecular weight compounds in 
field-deployable biosensor devices for real-time analysis. 
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A.1 Sequence of the recombinant hydrophobin EAS 
 
1  ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GGC CTG GTG 
1  M   G   S   S   H   H   H   H   H   H   S   S   G   L   V    
   
46  CCG CGC GGC AGC CAT ATG GCT AGC ATC GGC CCC AAC ACC TGC TCC 
16  P   R   G   S   H   M   A   S   I   G   P   N   T   C   S    
   
91  ATC GAC GAC TAC AAG CCT TAC TGC TGC CAG TCT ATG TCC GGC CCC 
31  I   D   D   Y   K   P   Y   C   C   Q   S   M   S   G   P    
   
136  GCC GGC TCC CCT GGT CTC CTC AAC CTC ATC CCC GTC GAC CTC AGC 
46  A   G   S   P   G   L   L   N   L   I   P   V   D   L   S    
   
181  GCC TCG CTC GGC TGC GTT GTC GGT GTC ATC GGC TCC CAA TGT GGT 
61  A   S   L   G   C   V   V   G   V   I   G   S   Q   C   G    
   
226  GCC AGC GTC AAG TGC TGC AAG GAC GAT GTT ACC AAC ACC GGC AAC 
76  A   S   V   K   C   C   K   D   D   V   T   N   T   G   N    
   
271  TCC TTC CTC ATC ATC AAC GCT GCC AAC TGC GTT GCC TAA 
91  S   F   L   I   I   N   A   A   N   C   V   A   * 
 
Figure A1. Nucleotide and amino acid sequence of the recombinant hydrophobin EAS. 
Sequences corresponding to the (His)6-tag and the mature EAS hydrophobin are highlighted in gray 
and orange, respectively. The recognition site of the NheI restriction endonuclease used for molecular 
cloning is underlined. 
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A.2 Sequence of the recombinant hydrophobin EAS-α 
 
1  ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GGC CTG GTG 
1  M   G   S   S   H   H   H   H   H   H   S   S   G   L   V    
   
46  CCG CGC GGC AGC CAT ATG GCT AGC ATC GGC CCC AAC ACC TGC TCC 
16  P   R   G   S   H   M   A   S   I   G   P   N   T   C   S    
   
91  ATC GAC GAC TAC AAG CCT TAC TGC TGC CAG TCT ATG TCC GGC CCC 
31  I   D   D   Y   K   P   Y   C   C   Q   S   M   S   G   P    
   
136  GCC GGC TCC CCT GGT CTC CTC AAC CTC ATC CCC GTC GAC CTC AGC 
46  A   G   S   P   G   L   L   N   L   I   P   V   D   L   S    
   
181  GCC TCG CTC GGC TGC GTT GTC GGT GTC ATC GGC TCC CAA TGT GGT 
61  A   S   L   G   C   V   V   G   V   I   G   S   Q   C   G    
   
226  GCC AGC GTC AAG TGC TGC AAG GAC GAT GTT ACC AAC ACC GGC AAC 
76  A   S   V   K   C   C   K   D   D   V   T   N   T   G   N    
   
271  TCC TTC CTC ATC ATC AAC GCT GCC AAC TGC GTT GCC GGA TCC GGC 
91  S   F   L   I   I   N   A   A   N   C   V   A   G   S   G    
   
316  GGC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC ACT 
106  G   G   G   S   G   G   G   G   S   G   G   G   G   S   T    
   
361  AGT TGG CAT TGG CTG CAG CTG AAA CCG GGC CAG CCG ATG TAT TAA 
121  S   W   H   W   L   Q   L   K   P   G   Q   P   M   Y   * 
 
Figure A2. Nucleotide and amino acid sequence of the recombinant hydrophobin EAS-α. 
Sequences corresponding to the (His)6-tag and the mature EAS hydrophobin are highlighted in gray 
and orange, respectively. Sequences regarding the (GGGGS)3 linker are printed in bold, whereas 
sequences corresponding to the α-factor pheromone are highlighted in blue. Recognition sites of the 
restriction endonucleases used for molecular cloning (NheI, BamHI and SpeI) are underlined. 
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A.3 Sequence of the chimeric map2/MFα1 gene 
 
1  ATG AAG ATC ACC GCT GTC ATT GCC CTT TTA TTC TCA CTT GCT GCT 
1  M   K   I   T   A   V   I   A   L   L   F   S   L   A   A    
   
46  GCC TCA CCT ATT CCA GTT GCC GAT CCT GGT GTG GTT TCA GTT AGC 
16  A   S   P   I   P   V   A   D   P   G   V   V   S   V   S    
   
91  AAG TCA TAT GCT GAT TTC CTT CGT GTT TAC CAA AGT TGG AAC ACT 
31  K   S   Y   A   D   F   L   R   V   Y   Q   S   W   N   T    
   
136  TTT GCT AAT CCT GAT AGA CCC AAC TTG AAA AAG CGC GAA TTC GAA 
46  F   A   N   P   D   R   P   N   L   K   K   R   E   F   E    
   
181  GCT GCT CCC GCA AAA ACT TAT GCT GAT TTC CTT CGT GCT TAT CAA 
61  A   A   P   A   K   T   Y   A   D   F   L   R   A   Y   Q    
   
226  AGT TGG AAC ACT TTT GTT AAT CCT GAC AGA CCC AAT TTG AAA AAG 
76  S   W   N   T   F   V   N   P   D   R   P   N   L   K   K    
   
271  CGT GAG TTT GAA GCT GCC CCA GAG AAG TGG CAT TGG TTG CAA CTA 
91  R   E   F   E   A   A   P   E   K   W   H   W   L   Q   L    
   
316  AAA CCT GGC CAA CCA ATG TAC AAA AAG CGC GAA TTC GAA GCT GCT 
106  K   P   G   Q   P   M   Y   K   K   R   E   F   E   A   A    
   
361  CCC GCA AAA TGG CAT TGG TTG CAA CTA AAA CCT GGC CAA CCA ATG 
121  P   A   K   W   H   W   L   Q   L   K   P   G   Q   P   M    
   
406  TAC AAA AAG CGC ACT GAA GAA GAT GAA GAG AAT GAG GAA GAG GAT 
136  Y   K   K   R   T   E   E   D   E   E   N   E   E   E   D    
   
451  GAA GAA TAC TAT CGC TTT CTT CAG TTT TAT ATC ATG ACT GTC CCA 
151  E   E   Y   Y   R   F   L   Q   F   Y   I   M   T   V   P    
   
496  GAG AAT TCC ACT ATT ACA GAT GTC AAT ATT ACT GCC AAA TTT GAG 
166  E   N   S   T   I   T   D   V   N   I   T   A   K   F   E    
   
541  AGC TAA 
181  S   * 
 
Figure A3. DNA sequence of the chimeric map2/MFα1 gene and amino acid sequence of the 
respective pheromone precursor protein. Sequences corresponding to the S. pombe P-factor 
pheromone and the S. cerevisiae α-factor pheromone are highlighted in red and blue, respectively. 
Sequences corresponding to putative N-linked glycosylation sites are printed in bold. 
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A.4 Sequence of the recombinant hydrophobin EAS-HA 
 
1  ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GGC CTG GTG 
1  M   G   S   S   H   H   H   H   H   H   S   S   G   L   V    
   
46  CCG CGC GGC AGC CAT ATG GCT AGC ATC GGC CCC AAC ACC TGC TCC 
16  P   R   G   S   H   M   A   S   I   G   P   N   T   C   S    
   
91  ATC GAC GAC TAC AAG CCT TAC TGC TGC CAG TCT ATG TCC GGC CCC 
31  I   D   D   Y   K   P   Y   C   C   Q   S   M   S   G   P    
   
136  GCC GGC TCC CCT GGT CTC CTC AAC CTC ATC CCC GTC GAC CTC AGC 
46  A   G   S   P   G   L   L   N   L   I   P   V   D   L   S    
   
181  GCC TCG CTC GGC TGC GTT GTC GGT GTC ATC GGC TCC CAA TGT GGT 
61  A   S   L   G   C   V   V   G   V   I   G   S   Q   C   G    
   
226  GCC AGC GTC AAG TGC TGC AAG GAC GAT GTT ACC AAC ACC GGC AAC 
76  A   S   V   K   C   C   K   D   D   V   T   N   T   G   N    
   
271  TCC TTC CTC ATC ATC AAC GCT GCC AAC TGC GTT GCC GGA TCC GGC 
91  S   F   L   I   I   N   A   A   N   C   V   A   G   S   G    
   
316  GGC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC ACT 
106  G   G   G   S   G   G   G   G   S   G   G   G   G   S   T    
   
361  AGT TAC CCA TAC GAT GTT CCT GAC TAT GCG TAA 
121  S   Y   P   Y   D   V   P   D   Y   A   * 
 
Figure A4. Nucleotide and amino acid sequence of the recombinant hydrophobin EAS-HA. 
Sequences corresponding to the (His)6-tag and the mature EAS hydrophobin are highlighted in gray 
and orange, respectively. Sequences regarding the (GGGGS)3 linker element are printed in bold, 
whereas sequences for the HA epitope are highlighted in green. Recognition sites of the NheI, BamHI 
and SpeI restriction endonucleases used for molecular cloning are underlined. 
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A.5 Sequence of the recombinant HA-EGFP 
 
1  ATG TAC CCA TAC GAT GTT CCT GAC TAT GCG ATG GTG AGC AAG GGC 
1  M   Y   P   Y   D   V   P   D   Y   A   M   V   S   K   G    
   
46  GAG GAG CTG TTC ACC GGG GTG GTG CCC ATC CTG GTC GAG CTG GAC 
16  E   E   L   F   T   G   V   V   P   I   L   V   E   L   D    
   
91  GGC GAC GTA AAC GGC CAC AAG TTC AGC GTG TCC GGC GAG GGC GAG 
31  G   D   V   N   G   H   K   F   S   V   S   G   E   G   E    
   
136  GGC GAT GCC ACC TAC GGC AAG CTG ACC CTG AAG TTC ATC TGC ACC 
46  G   D   A   T   Y   G   K   L   T   L   K   F   I   C   T    
   
181  ACC GGC AAG CTG CCC GTG CCC TGG CCC ACC CTC GTG ACC ACC CTG 
61  T   G   K   L   P   V   P   W   P   T   L   V   T   T   L    
   
226  ACC TAC GGC GTG CAG TGC TTC AGC CGC TAC CCC GAC CAC ATG AAG 
76  T   Y   G   V   Q   C   F   S   R   Y   P   D   H   M   K    
   
271  CAG CAC GAC TTC TTC AAG TCC GCC ATG CCC GAA GGC TAC GTC CAG 
91  Q   H   D   F   F   K   S   A   M   P   E   G   Y   V   Q    
   
316  GAG CGC ACC ATC TTC TTC AAG GAC GAC GGC AAC TAC AAG ACC CGC 
106  E   R   T   I   F   F   K   D   D   G   N   Y   K   T   R    
   
361  GCC GAG GTG AAG TTC GAG GGC GAC ACC CTG GTG AAC CGC ATC GAG 
121  A   E   V   K   F   E   G   D   T   L   V   N   R   I   E    
   
406  CTG AAG GGC ATC GAC TTC AAG GAG GAC GGC AAC ATC CTG GGG CAC 
136  L   K   G   I   D   F   K   E   D   G   N   I   L   G   H    
   
451  AAG CTG GAG TAC AAC TAC AAC AGC CAC AAC GTC TAT ATC ATG GCC 
151  K   L   E   Y   N   Y   N   S   H   N   V   Y   I   M   A    
   
496  GAC AAG CAG AAG AAC GGC ATC AAG GTG AAC TTC AAG ATC CGC CAC 
166  D   K   Q   K   N   G   I   K   V   N   F   K   I   R   H    
   
541  AAC ATC GAG GAC GGC AGC GTG CAG CTC GCC GAC CAC TAC CAG CAG 
181  N   I   E   D   G   S   V   Q   L   A   D   H   Y   Q   Q    
   
586  AAC ACC CCC ATC GGC GAC GGC CCC GTG CTG CTG CCC GAC AAC CAC 
196  N   T   P   I   G   D   G   P   V   L   L   P   D   N   H    
   
631  TAC CTG AGC ACC CAG TCC GCC CTG AGC AAA GAC CCC AAC GAG AAG 
211  Y   L   S   T   Q   S   A   L   S   K   D   P   N   E   K    
   
676  CGC GAT CAC ATG GTC CTG CTG GAG TTC GTG ACC GCC GCC GGG ATC 
226  R   D   H   M   V   L   L   E   F   V   T   A   A   G   I    
   
721  ACT CTC GGC ATG GAC GAG CTG TAC AAG CTC GAG CAC CAC CAC CAC 
241  T   L   G   M   D   E   L   Y   K   L   E   H   H   H   H    
   
766  CAC CAC TGA 
256  H   H   * 
 
Figure A5. Nucleotide and amino acid sequence of the recombinant HA-EGFP. Sequences 
corresponding to the HA epitope, EGFP and the (His)6-tag are highlighted in red, green and gray, 
respectively. The recognition site of the XhoI restriction endonuclease used for molecular cloning is 
underlined.  
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A.6 Sequence of the recombinant hydrophobin EAS-α-KR 
 
1  ATG GGC AGC AGC CAT CAT CAT CAT CAT CAC AGC AGC GGC CTG GTG 
1  M   G   S   S   H   H   H   H   H   H   S   S   G   L   V    
   
46  CCG CGC GGC AGC CAT ATG GCT AGC ATC GGC CCC AAC ACC TGC TCC 
16  P   R   G   S   H   M   A   S   I   G   P   N   T   C   S    
   
91  ATC GAC GAC TAC AAG CCT TAC TGC TGC CAG TCT ATG TCC GGC CCC 
31  I   D   D   Y   K   P   Y   C   C   Q   S   M   S   G   P    
   
136  GCC GGC TCC CCT GGT CTC CTC AAC CTC ATC CCC GTC GAC CTC AGC 
46  A   G   S   P   G   L   L   N   L   I   P   V   D   L   S    
   
181  GCC TCG CTC GGC TGC GTT GTC GGT GTC ATC GGC TCC CAA TGT GGT 
61  A   S   L   G   C   V   V   G   V   I   G   S   Q   C   G    
   
226  GCC AGC GTC AAG TGC TGC AAG GAC GAT GTT ACC AAC ACC GGC AAC 
76  A   S   V   K   C   C   K   D   D   V   T   N   T   G   N    
   
271  TCC TTC CTC ATC ATC AAC GCT GCC AAC TGC GTT GCC GGA TCC GGC 
91  S   F   L   I   I   N   A   A   N   C   V   A   G   S   G    
   
316  GGC GGC GGC AGC GGC GGC GGC GGC AGC GGC GGC GGC GGC AGC ACT 
106  G   G   G   S   G   G   G   G   S   G   G   G   G   S   T    
   
361  AGT TGG CAT TGG CTG CAG CTG AAA CCG GGC CAG CCG ATG TAT AAA  
121  S   W   H   W   L   Q   L   K   P   G   Q   P   M   Y   K    
   
406  CGT TAA 
136  R   * 
 
Figure A6. Nucleotide and amino acid sequence of the recombinant hydrophobin EAS-α-KR. 
Sequences corresponding to the (His)6-tag and the mature EAS hydrophobin are highlighted in gray 
and orange, respectively. Sequences regarding the (GGGGS)3 linker element are printed in bold and 
sequences for the α-factor pheromone are highlighted in blue. Sequences corresponding to the  
C-terminal lysine-arginine moiety are printed in red. Recognition sites of the NheI, BamHI and SpeI 
restriction endonucleases used for molecular cloning are underlined. 
Appendix B – Additional results 
227 
 
Appendix B – Additional results 
 
 
B.1 Pheromone activity of surfaces functionalized with EAS-α 
towards yeast reporter cells carrying or lacking the cell wall  
 
Pheromone activity of hydrophobic surfaces functionalized with EAS-α was assessed 
by employing pheromone-responsive reporter cells of S. cerevisiae. The a-type strain 
BY4741 Δbar1 FIG1-tRFP was employed, carrying a deletion of the BAR1 gene that 
rendered this strain 20-fold more sensitive to the α-factor pheromone than isogenic 
wild-type cells [418]. In addition, this strain harbored the FIG1-tRFP reporter gene 
cassette integrated into the genome to enable visualization of the pheromone 
response by analyzing tRFP expression. 
Initial experiments suggested that surfaces functionalized with EAS-α did not elicit a 
pheromone response in the S. cerevisiae reporter cells (section 3.1.2.3). This might 
have resulted from limited accessibility of the Ste2p pheromone receptor (embedded 
in the plasma membrane) towards the α-factor immobilized at the surface, possibly 
due to steric hindrance by the yeast cell wall. In order to analyze the impact of the 
yeast cell wall, spheroblasts (lacking the cell wall due to in vitro enzymatic digestion) 
were also employed. 
Spheroblasts were obtained by zymolyase treatment according to Meisinger et al. 
[557]. Both intact cells and spheroblasts were incubated in the presence or absence 
of synthetic α-factor or in polystyrene Petri dishes functionalized with EAS-α  
(section 2.8.4). Spheroblasts were cultivated in SD medium containing 1.2 M sorbitol 
to osmotically stabilize the cells lacking the cell wall. After incubation for 8 h at 30 °C 
without shaking, cells were recovered and cellular extracts were prepared  
(section 2.6.1). Finally, SDS-PAGE and immunological detection were carried out to 
analyze the expression of the tRFP reporter gene (Figure B1). Colloidal Coomassie 
staining revealed that comparable protein amounts were loaded in each lane (data 
not shown). 
Appendix B – Additional results 
228 
 
Figure B1. Analysis of the pheromone activity of polystyrene surfaces functionalized with  
EAS-α towards intact yeast cells and yeast spheroblasts. Pheromone-responsive intact cells or 
spheroblasts (BY4741 Δbar1 FIG1-tRFP) were grown in the absence or presence of synthetic α-factor 
or in polystyrene dishes functionalized with EAS-α. Cells were harvested after 8 h of incubation at 
30 °C and cellular lysates (corresponding to 20 µg total protein) were separated via SDS-PAGE. 
Proteins were transferred to PVDF membranes and probed with tRFP antibodies. 
 
Evidently, the tRFP reporter gene was expressed in both intact cells and 
spheroblasts upon treatment with synthetic α-factor, as indicated by the signal in the 
molecular weight range of 25 kDa corresponding to tRFP (calculated molecular 
weight of 26.1 kDa [405]). In contrast, tRFP expression could not be detected in 
reporter cells grown in the absence of the synthetic pheromone or cultivated on 
surfaces functionalized with EAS-α (Figure B1). Apparently, pheromone-induced 
tRFP expression was lower in spheroblasts compared to intact yeast cells. This might 
point at a reduced or delayed pheromone response of spheroblasts, potentially 
resulting from proteolytic degradation of the pheromone receptor by zymolyase 
treatment, given that zymolyase may contain trace amounts of proteases. 
Nevertheless, the assays revealed that surfaces functionalized with EAS-α did not 
elicit a pheromone response in the reporter cells, independent on the presence of the 
cell wall. Thus, the absence of a detectable pheromone activity of surfaces 
functionalized with EAS-α was not exclusively caused by steric issues and additional 
factors need to be considered (section 4.1.4).  
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B.2 Influence of repeated antibody stripping on the signal intensity 
of the competitive ELISA 
 
Class I hydrophobins self-assemble into highly robust monolayers that do not 
dissolve unless very harsh treatments such as 100 % TFA or formic acid are applied 
[129-135]. Therefore, the possibility to reuse hydrophobin-functionalized surfaces for 
multiple competitive ELISA measurements was assessed. Upon completion of a 
competitive ELISA measurement, the antibodies attached to the hydrophobin-
functionalized surface were denatured by a combined treatment with reducing 
agents, detergents and heat (section 2.9.4) and the hydrophobin-functionalized 
surfaces were reused for competitive ELISA measurements. 
In fact, the surfaces functionalized with the recombinant hydrophobins EAS and  
EAS-α could be reused for multiple measurements with comparable assay sensitivity 
(section 3.2.5). To further evaluate the behavior of the hydrophobin layers upon 
repeated antibody stripping cycles, putative losses in the signal intensity were 
analyzed by calculating the signal ratio according to the equation: 
 
Signal ratio = 
Absorbance value (reused surface)
Absorbance value (freshly prepared surface)
 
 
Reused and freshly prepared hydrophobin-functionalized surfaces were treated with 
equal α-factor concentrations to calculate the signal ratio. The signal ratio, obtained 
for the set of data depicted in Figure 12, was plotted to investigate possible effects of 
repeated stripping on the competitive ELISA performance (Figure B2). 
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Figure B2. Analysis of the signal intensity upon repeated use of hydrophobin-functionalized 
surfaces. Polystyrene surfaces were functionalized with the recombinant hydrophobins (1.6 % EAS-α) 
and used repeatedly for competitive ELISA measurement by applying the antibody stripping procedure 
(section 2.9.4). To analyze the effect of repeated stripping cycles on the signal intensity, the signal 
ratio, calculated for the representative set of data depicted in Figure 12 (section 3.2.5), was plotted. 
Error bars indicate standard deviation. 
 
A 30 – 40 % loss in signal intensity was evident after the first stripping cycle, whereas 
no further reduction in signal intensity upon subsequent stripping events was 
observed (Figure B2). These data suggested that a fraction of the recombinant 
hydrophobins was extracted by the hot SDS treatment used for antibody 
denaturation, consistent with the slight increase in the water contact angle upon hot 
SDS treatment of hydrophobin-functionalized substrates (section 3.1.2.1). Partial 
extraction of class I hydrophobins by hot SDS treatment has been observed in 
numerous studies [158, 213, 251, 257, 263, 280, 331, 396, 412-416]. However, 
further hydrophobin extraction upon subsequent stripping cycles was not evident, 
indicating that the remaining hydrophobins attached tightly to the polystyrene 
surfaces. In summary, hydrophobin-functionalized surfaces were sufficiently robust to 
allow for multiple competitive ELISA measurements (section 4.2.4). 
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B.3 Purification of recombinant HA-EGFP 
 
To assess the versatility of the hydrophobin-based surface engineering technology, 
novel immunoassays for alternative analytes, focusing on the HA epitope instead of 
the yeast α-factor pheromone, were developed. Consequently, these immunoassays 
should allow for the detection and quantification of the HA peptide and of 
recombinant proteins fused to the HA epitope. To validate the latter possibility, a 
recombinant fluorescent protein carrying an N-terminal HA epitope (HA-EGFP) was 
utilized (see Appendix A.5 for DNA and amino acid sequence). The plasmid  
pET23b-HA-EGFP harboring the recombinant HA-EGFP gene was transformed into 
E. coli BL21 (DE3) pLysS and expression of the HA-EGFP gene was induced by 
IPTG addition (section 2.7.1.2). Recombinant proteins were purified by Ni2+ affinity 
chromatography under native conditions (section 2.7.2.3). Several fractions obtained 
during the purification process were separated via SDS-PAGE to evaluate the 
purification process and to analyze the purity and integrity of the purified recombinant 
protein (Figure B3).  
Electrophoretic separation of these fractions revealed that the recombinant HA-EGFP 
(29.2 kDa calculated molecular weight [405]) was predominantly present in the 
whole-cell lysate, soluble and insoluble fractions as well as in the eluate of the  
Ni2+ affinity chromatography (Figure B3). Immunological detection using a  
GFP-specific antibody confirmed that the predominant signal in colloidal Coomassie 
staining corresponded to HA-EGFP. A second prominent signal in the molecular 
weight range slightly below 15 kDa observed in all fractions might be attributed to 
lysozyme (approximately 14 kDa [558]) added to lyse the cells as an initial step 
towards protein purification (section 2.7.2.3). 
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Figure B3. Evaluation of the purification process to obtain recombinant HA-EGFP. The vector 
pET23b-HA-EGFP was transformed into E. coli BL21 (DE3) pLysS, transformants were grown in LB 
medium and HA-EGFP expression was induced by IPTG addition (section 2.7.1.2). For protein 
purification (section 2.7.2.3), cells were lysed by sonication and lysozyme treatment (lane 1). The 
lysate was centrifuged to separate soluble compounds (lane 2) and insoluble compounds (lane 3). The 
soluble fraction was subjected to Ni
2+
 affinity chromatography and the column flow-through (lane 4), 
wash fractions (lane 5) and the column eluate (lane 6) were obtained. The purification process was 
analyzed by electrophoretic separation of the individual fractions (15 µg total protein in each fraction) 
via SDS-PAGE. Finally, proteins were visualized by colloidal Coomassie staining (left panel) or 
transferred to a PVDF membrane and probed with GFP-specific antibodies (right panel). 
 
Importantly, the recombinant HA-EGFP was highly pure upon Ni2+ affinity 
chromatography, given that only few and faint additional signals were seen in the 
eluate fraction (Figure B3). Some of the contaminating proteins were also detected 
immunologically using the GFP-antibody, indicating that they most likely represented 
degradation products of the recombinant HA-EGFP. In summary, SDS-PAGE 
revealed that the recombinant fusion protein HA-EGFP could be obtained in high 
purity upon Ni2+ affinity chromatography. The purified protein was subsequently used 
for inverse ELISA measurements to analyze if the hydrophobin-based immunoassays 
could be applied to quantify recombinant proteins carrying the HA epitope  
(section 3.6.2.2).  
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B.4 Quantification of the yeast α-factor pheromone by HPLC 
 
Several methods have been proposed to detect the S. cerevisiae α-factor 
pheromone, either based on its pheromone activity or on analytical chemistry 
methods such as mass spectrometry or HPLC (section 4.2.5). In this study, HPLC 
analysis was also carried out to quantify the α-factor pheromone, allowing for a 
comparison between the hydrophobin-based immunoassays and a commonly 
employed analytical chemistry method for peptide detection. 
HPLC analysis was carried out using an Agilent 1200 series HPLC system (Agilent 
Technologies GmbH, Germany) equipped with a Kromasil 100-5C18 reversed phase 
column (Akzo Nobel Functional Chemicals B.V., The Netherlands) with a 
hydrophobic (C18-modified) silica matrix. Detection of the α-factor was achieved by 
measuring the UV absorbance of the peptide pheromone at 280 nm using a diode 
array detector. Additionally, the intrinsic fluorescence of tryptophan residues was 
recorded by a fluorescence detector using excitation at 280 nm and recording the 
emitted light at 350 nm. To quantify the α-factor pheromone by means of liquid 
chromatography, the synthetic pheromone was diluted to a final concentration of 
100 µM in EMM and passed through a 0.45 µm syringe filter. Serial dilutions of this 
stock solution in EMM were prepared and 5 µL of the pheromone-containing sample 
were finally injected into the HPLC column. HPLC analysis was carried out 
essentially as described previously [522, 559], employing acetonitrile as organic 
phase and TFA as an ion pairing agent. The solvent profile during the 
chromatographic separation is indicated in Table B1. The flow rate was adjusted to 
1.0 mL/min. 
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Table B1. Solvent profile during HPLC separation of pheromone-containing samples. 
Time Solvent A Solvent B Remarks 
   
 
0.01 min 95 % 5 % 
Linear gradient 
   
25.0 min 35 % 65 % 
   
 
   
 
25.1 min 5 % 95 % 
Organic solvent wash (1) 
   
35.0 min 5 % 95 % 
   
 
   
 
35.1 min 95 % 5 % 
Column equilibration (2) 
   
47.0 min 95 % 5 % 
   
 
 
(1) Upon chromatographic separation of the samples in a linear gradient, an organic solvent wash step 
was carried out to remove hydrophobic sample compounds from the column. 
(2) After sample separation and removal of hydrophobic sample components, the column was 
equilibrated prior to injecting the next sample. Including a column equilibration step allowed for 
sequential injection of multiple samples in an automated manner. 
 
Solvent A: 0.065 % (v/v) TFA 
 
Solvent B: 0.05 % (v/v) TFA 
 99.95 % (v/v) Acetonitrile 
 
HPLC analysis allowed for the detection and quantification of the yeast α-factor 
pheromone. The α-factor could be separated from further compounds of the minimal 
medium (Figure B4 a), and the peak area obtained for the pheromone could be used 
to generate calibration plots based on the UV absorbance (Figure B4 b) or the 
intrinsic fluorescence of tryptophan residues (Figure B4 c) of the pheromone. 
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Figure B4. Detection and quantification of the α-factor pheromone by HPLC. (a) Representative 
chromatogram of a sample containing 100 µM α-factor in EMM based on monitoring of the  
UV absorbance at 280 nm. The marked peak corresponded to the α-factor. (b) Calibration of the peak 
area determined by UV absorbance measurements at 280 nm wavelength. (c) Calibration of the peak 
area obtained by detecting the intrinsic fluorescence of tryptophan residues. Excitation light source 
was adjusted to 280 nm and the light emission was recorded at 350 nm. Plotted values in (b) and (c) 
correspond to ten independent measurements for each α-factor concentrations. Error bars indicate 
standard deviation. 
 
Three prominent peaks were detected upon chromatographic separation of EMM 
containing the α-factor pheromone (Figure B4 a). The predominant peak with a 
retention time of 12.1 min might be attributed to hydrogen phthalate used as a buffer 
component in EMM (section 2.4.3), whereas the peak with a retention time of 
26.4 min might have resulted from a mixture of hydrophobic compounds eluted from 
the column during the organic solvent washing step. The α-factor pheromone 
(marked in Figure B4 a) eluted at a retention time of 16.2 min. The identity of this 
peak could be proven by employing pheromone-responsive S. cerevisiae reporter 
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cells. Upon collecting the peak fraction and addition to a reporter cell culture of  
S. cerevisiae BY4741 Δbar1 FIG1-tRFP, the yeast cells were found to form 
pronounced mating projections and to express the tRFP reporter gene, indicating that 
the cells underwent pheromone response (data not shown). 
As the α-factor pheromone comprises two tryptophan residues and one tyrosine 
residue, the pheromone could be quantified by HPLC analysis based on its UV 
absorbance at 280 nm (Figure B4 b) and based on the intrinsic fluorescence of 
tryptophan residues (Figure B4 c). The peak area obtained in the chromatograms 
could be correlated with the α-factor concentrations, resulting in linear calibration 
plots that enabled pheromone quantification. Although the slope of the calibration 
curve obtained by fluorescence detection was higher than the slope of the calibration 
curve for UV absorbance (compare the y-axis in Figure B4 b and Figure B4 c), the 
limit of detection was in the range of 20 µM α-factor for both methods. Thus,  
HPLC-based pheromone quantification was 200,000-fold less sensitive than the 
inverse hydrophobin-based immunoassay (section 4.2.5). 
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B.5 Influence of C-terminal α-factor maturation on the interaction 
with the α-factor antibody 
 
Studying the α-factor secretion of S. cerevisiae strains lacking the KEX1 gene 
suggested that C-terminal pheromone maturation was essential for the interaction of 
the pheromone with its cognate antibody (section 4.3.3). To directly probe the 
influence of C-terminal pheromone maturation on the interaction with pheromone-
specific antibodies, a fourth hydrophobin variant was generated (Figure B5 a). The 
recombinant EAS-α-KR hydrophobin was essentially similar to the EAS-α 
hydrophobin, but carried an additional lysine-arginine moiety at the C-terminal end 
(see Appendix A.6 for DNA and nucleic acid sequence), resembling the C-terminally 
immature α-factor pheromone secreted by Δkex1 strains of S. cerevisiae. 
Figure B5. Analysis of the influence of C-terminal α-factor maturation on the interaction 
between the α-factor antibody and its cognate antigen. (a) Schematic illustration of the 
recombinant hydrophobins EAS, EAS-α and EAS-α-KR. All three hydrophobins carried the mature 
EAS hydrophobin with a (His)6-tag at their N-terminus. Additionally, EAS-α carried a flexible 
(GGGGS)3 linker element as well as the yeast α-factor pheromone at its C-terminus. The recombinant 
EAS-α-KR was identical to EAS-α but harbored an additional lysine-arginine moiety at its C-terminal 
end. (b) Electrophoretic separation of the recombinant hydrophobins. A fraction of each purified 
hydrophobin, corresponding to 3 µg of the recombinant hydrophobin, was subjected to Tricine  
SDS-PAGE and the proteins were visualized by colloidal Coomassie staining or transferred to PVDF 
membranes and probed immunologically by the α-factor antibody. 
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The recombinant hydrophobin EAS-α-KR was cloned into pET28b, expressed in  
E. coli T7 SHuffle® T7 Express lysY and purified by Ni2+ affinity chromatography as 
carried out for EAS and EAS-α (section 2.7). Upon electrophoretic separation by 
Tricine SDS-PAGE and visualization by colloidal Coomassie staining, a predominant 
signal corresponding to the monomeric hydrophobin was observed for all three 
recombinant hydrophobins (Figure B5 b). An additional faint signal, most likely 
representing the hydrophobin dimer, was also evident. The formation of stable 
dimers, even upon separation via SDS-PAGE, was previously reported for various 
hydrophobins [159, 214, 215, 227, 232, 307, 408-411]. Obvious differences in the 
affinity of the α-factor antibody towards EAS-α and EAS-α-KR were observed by 
immunological detection (Figure B5 b), indicating that the C-terminal lysine-arginine 
moiety present in EAS-α-KR severely affected the interaction of the recombinant 
hydrophobin with the pheromone-specific antibodies. These data suggested that  
C-terminal α-factor maturation was very essential for the interaction of the 
pheromone with the cognate antibody, implying that C-terminally immature 
pheromone molecules (secreted by Δkex1 strains of S. cerevisiae) could not be 
measured by the hydrophobin-based immunoassays. 
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